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ABSTRACT 


This  is  a  feasibility  study  program  on  the  radiation  compression  concept. 
The  objective  is  to  produce  intensified  radiation  fields  using  matched- 
filter  techniques.  The  approach  is  to  investigate  candidate  antennas  that 
are  capable  of  radiation-pulse  compression.  Since  no  antenna  is  known  to 
possess  linear  FM  characteristics,  this  program  is  focused  on  log-periodic 
(LP)  antennas. 

Radiations  of  an  LP  antenna  driven  by  an  "impulse"  source  have  been 
measured.  Transfer-function  rJiaracteristics  are  obtained  for  six  (6)  LP 
antennas.  They  are  all  found  to  be  represented  by  elemental  radiation  cells 
with  certain  percentage  bandwidths. 

Analytical  models  are  developed  for  the  LP  antennas  as  consisting  of 
fundamental  radiation  cells  with  0.707  k2  in  directive  gain.  The  mathe¬ 
matical  models  are  verified  by  measurements  to  provide  precise  specifications 
on  transmitter  requirements  that  are  necessary  for  applying  matched-filter 
techniques. 

Mechanisms  of  near-field  compression  are  analyzed  to  establish  the 
upper  and  lower  bounds  for  compressed  field  strengths.  It  is  concluded 
that  no  air  breakdown  would  take  place  before  the  existing  power-hand  1 ing 
capabilities  are  exceeded.  A  33~dB  compression  gain  is  analytically  estab- 
lished  under  practical  contraints  for  an  LP  antenna  occupying  U.2  m  and 
being  operated  up  to  13  GHz.  General  compression  gain  is  found  to  increase 
with  the  electrical  volume  of  an  antenna. 

The  space-time  compression  of  the  radiation  field  has  also  been  extended 
to  the  array  of  a  number  of  broad  band  dispersive  antennas.  A  coherent 
volumetric  array  is  briefly  studied  and  is  recommended  as  a  future  effort 
to  product  the  maximum  rad iat ion* gain. 
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EVALUATION 


This  study  is  part  of  a  continuing  effort  of  the  Signal  Radiation 
and  processing  Section  of  the  Techniques  Branch,  Surveillance  and  Control 
Division  at  RADC.  Historically,  the  dispersive  properties  of  antennas 
have  been  measured  under  the  In-House  Project  Number  45060186  entitled 
"Impulse  Technology".  The  concept  of  enhancing  the  electromagnetic  field 
intensity  by  temporal -spatial  compression  was  developed  under  the  RADC 
Laboratory  Directors  Fund  Number  01707209  entitled  "Electromagnetic 
Effects". 

Considerable  technical  effort  on  this  report  has  been  expended 
on  developing  theory,  concepts,  measurements,  etc.  to  analyze  and  predict 
the  time-bandwidth  products  of  present  desiqn  broadband  antennas.  The 
results  of  the  formulation,  parametric  studies,  etc.  provide  design 
information  valuable  to  the  practical  antenna  designer  to  select  an 
appropriate  large  time-bandwidth  antenna  system.  In  addition,  a 
detailed  study  was  performed  on  antenna  breakdown  and  shows  the  breakdown 
problem  is  eased  by  employing  temporal -spatial  compression. 


Most  of  the  study  effort  was  directed  toward  the  temporal -spatial 
distribution  on  the  antenna  boreslght.  It  Is  anticipated  that  future  work 
will  expand  to  off-boresight  radiated  fields  hopefully  giving  rise  to  some 
exciting  discoveries  in  temporal -spatial  antenna  patterns.  This  work 
is  in  support  of  TPO-5,  "EM  Generation  and  Control". 
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Paul  VanEtten 
Project  Engineer/OCTS 
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SECTION  I 


INTRODUCTION  AND  SUMMARY 


Since  the  discovery  of  electromagnetic  radiation,  much  effort  has 
been  directed  toward  intensifying  the  radiation  field  by  designing  antennas 
of  various  sizes  and  configurations.  The  program  reported  here  may  be 
considered  as  the  latest  attempt  Tn  space-time  field  compression  that 
will  give  rise  to  the  maximum  compression  gain  from  a  given  radiation  volume. 

1.  PROGRAM  OVERVIEW 


Field  intensification  by  a  large  radiation  aperture  under  CW  operation 
is  well  known.  It  serves  to  compress  the  radiation  field  in  a  spatial 
angle  (i.e.,  the  radiated  maximum  power  density  increases  in  inverse  pro¬ 
portion  to  the  radiation  beamwidth).  Analogous  to  this  type  of  spatial 
compression  is  the  temporal  compression^  ^  that  employs  conjugate-matched 
filters  to  compress  a  long-duration  pulse  of  low  power  into  a  short- 
duration  pulse  of  high  power. 

This  program  has  introduced  the  concept  of  a  radiation  cell  which  con¬ 
stitutes  the  smallest  electrical  volume  for  practical  and  effective  radia¬ 
tion^®  This  radiation  cell  concept  can  be  readily  identified  with  oper¬ 

ational  log-periodic  antennas^  ^  .  When  these  antennas  are  treated  as 
an  array  of  radiation  cells  and  are  conjugate-fed  by  driving  sources,  the 
radiated  field  compression  would  take  place  in  a  manner  sketched  in  the 
upper  half  of  Figure  1-1.  A  single  dispersive  antenna  has  a  relatively 
large  beam  angle  with  moderate  directive  gain  in  spatial  field  compression. 
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(a)  Temporal  Compression  by  An  Array  of  Retarded  Radiation  Cells 


persive  Antennas 

(b)  Space-Time  Oppression  by  An  Array  of  Dispersive  Antennas 

Figure  1-1.  Radiation-Field  Intensification  by  Space-Time  Compression 
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If  a  number  of  dispersive  antennas  are  arrayed,  the  ultimate  space-time  com 
pression  would  take  place  as  shown  in  the  lower  half  of  Figure  l-l . 

This  program  can  in  essence  be  described  as  a  study  effort  to  quantify 
the  concept  of  space-time  field  compression.  Both  empirical  results  and 
analytical  developments  are  combined  in  this  program  to  arrive  at  practical 
design  considerations. 

2.  STUDY  OBJECTIVE 

The  original  study  objectives  as  well  as  the  subsequently  derived 
objectives  are  listed  below: 

(1)  Determine  theoretical  and  practical  limits  of  bandwidth¬ 
time  (BT)  products  of  dispersive  antennas. 

(2)  Establish  transfer-function  characteristics  through  mea¬ 
surements  and  thus  verify  the  concept  of  radiation  dis¬ 
persion  and  compression. 

(3)  Develop  analytical  models  for  dispersive  radiations  to 
facilitate  specifications  of  transmitter  waveforms. 

(**)  Quantify  ultimate  gain  in  radiation-field  compression. 

(This  is,  in  effect,  to  evaluate  relative  gain  over 
the  so-called  conventional  antennas.) 

(5)  Identify  possible  limitations  on  space-time  compression 
appl ications. 

These  objectives  are  considered  to  have  been  accomplished  through  the 
following  technical  approach. 
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3.  OUTLINE  OF  APPROACH 


The  approach  is  outlined  as  follows: 

(1)  Analyze  dispersion  characteristics  of  existing  antennas 
that  are  broadband  in  the  sense  of  being  frequency  in¬ 
dependent  and  are  long-duration  in  the  sense  of  having 
large  retardation  in  successive  radiation  elements. 

(2)  Define  elemental  radiation  cells  representing  the  smallest 
electrical  volume  for  practical  and  efficient  radiation. 

(3)  Obtain  limits  of  bandwidth-time  ( BT )  product  in  terms  of 
geometrical  parameters  used  in  antenna  designs. 

(4)  Obtain  limits  of  BT  product  in  terms  of  electrical  parameters 
used  in  describing  antenna  performance. 

(5)  Formulate  total  compression  gain  resulting  from  a  combined 
space-time  field  compression. 

(6)  Evaluate  numerically  the  detailed  near-field  structures  for 
possible  air  breakdown  (^0,41)  gs  g  fUPCtjon  Qf  pUise 
intensity  and  duration. 

This  program  has  completed  the  above  technical  investigations  and  has 
produced  the  significant  results  discussed  below. 

4.  SIGNIFICANT  RESULTS 

(1)  "Antennas"  with  quadratic-phased  dispersion  or  linear  FM  would 
have  smaller  BT  products  than  the  log-periodic  ( LP)  phased 


antennas 


(2)  LP  antennas  have  been  measured  and  analyzed  to  verify  the 
concepts  of  radiation-field  dispersion  and  compression. 

(3)  An  important  concept  of  radiation  cells  has  been  defined 
for  retarded  radiations. 

(k)  Theoretical  and  practical  BT  products  have  been  obtained 

in  terms  of  geometrical  parameters  used  in  antenna  designs. 

A  practical  limit,  for  example,  BT  *  2200  for  a  radiation 
volume  of  4  cubic  meters. 

(5)  Limit  of  ultimate  compression  gain  has  been  obtained  in 
terms  of  electrical  parameters  used  in  antenna  perfor¬ 
mance  specifications.  (The  BT  product  if.  propo.tional  to 
total  number  of  radiation  cells  in  a  given  volume). 

(6)  Transfer  functions  of  dispersive  antennas  have  been 
obtained  for  analytical  description  of  radiation  mech¬ 
anisms. 

»  (7)  Analytical  models  for  conjugate-matched  driving  source 

have  been  established  for  transmitter  design  specifications. 

(8)  Near-field  compression  have  been  formulated  to  obtain  the 
upper  and  lower  bounds  for  compressed  peak  values. 

(9)  Conclusions  have  been  made  that  possible  air-breakdown 
in  near-field  compression  would  not  take  place  before 
the  power-handling  capacities  of  antenna  structures 
would  be  exceeded. 
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(10)  Formulas  have  bet  n  obtained  for  absolute  radiation-field 
compression  gain  (relative  gain  over  "conventional" 
antenna  is  implicitly  given). 

5.  SUMMARY  OF  REPORT 

This  report  has  been  organized  by  placing  most  of  the  technical 
details  in  the  appendices.  Only  the  following  fundamental  and  significant 
materials  are  given  in  the  sections: 

(1)  Section  II  gives  fundamentals  of  temporal  compression. 

(2)  Section  III  describes  measurements  and  analyses  of  dis¬ 
persive  radiation. 

(3)  Section  IV  discusses  definition  of  radiation  cells  and 
retardations. 

(4)  Section  V  estimates  BT-product  limits  in  terms  of  geometrical 
parameters . 

(5)  Section  VI  investigates  near-field  compression  mechanisms 
and  impl i cations . 

(6)  Section  VII  summarizes  formulas  for  space-time  compression 
gain. 

(7)  Section  VIII  gives  concluding  remarks  for  significant 
accompl ishments. 

(8)  Section  IX  lists  recommendations  for  future  investigations. 

(9)  Section  X  gives  reference  materials  relating  to  radiation- 
field  compression. 
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SECTION  II 


FUNDAMENTALS  OF  FIELD  COMPRESSION 


1.  INTRODUCTION 


Fundamental  concepts  of  field-compression  radiation  can  be  discussed 
by  treating  antenna  transfer  functions  as  that  required  of  conjugate- 
matched  filters.  Simple  formulations  are  presented  here  to  lead  to  the 
field  comp  ess  1 on-galn  equal  to  the  product  of  antenna  bandwidth  (B)  and 
the  driving  source  duration  (T)  .  The  BT  product  is  well  known  as  the  power 
gain  of  a  conjugate -matched  filter  operation  and  is  used  here  directly  as 
the  temperal -compress ion  power  gain  of  dispersive  antennas  used  as  conjugate- 
matched  f  i  1  ters  . 

Dispersive  antennas  may  be  arbitrarily  specified,  either  having  a 
quadratic  phase  or  a  log-periodic  phase,  or  any  others.  Presently,  however, 
only  log-Deriodic  antennas  are  known  to  have  large  operational  bandwidths. 
Although  desirable  dispersions  may  be  specified  under  various  design  con¬ 
siderations,  the  existing  log-periodic  antennas  do  possess  larger  BT  products 
than  a  quadratic-phased  antenna  (refer  this  comparison  to  Chapter  VII).  As 
a  result,  there  will  be  more  emphasis  placed  on  log-periodic  antennas. 

After  matched-filter  concepts  are  discussed,  an  example  is  given  to 
illustrate  the  gain  obtainable  in  field-compression  radiation. 

2.  RADIATION-FIELD  COMPRESSION  ANTENNAS 

A  field  compression  antenna  may  be  defined  as  a  conjugate-matched  filter. 
That  is,  if  its  impulse  response  is  h ( t )  or  H(u),  then  its  input,  s(t)  or 
S(w),  is  desired  to  be  proportional  to  time  reversal  or  the  complex  conjugate 
of  the  response, 
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s  ( t )  -  k  h(-t) 


(Eq.  11-1) 


or 


S  (w)  =  k  H*(u) , 


(Eq.  11-2) 


where  the  constant  of  proportionality  k  is  called  the  matched-filter  constant. 
If  h(t)  is  a  relatively  long-duration  waveform,  representing  in  general  a 
frequency-modulated  electromagnetic  field,  then  the  output  of  the 
antenna  will  be  a  compressed  field  given  by  the  convolution  of  the  driving 
signal  h(-t)  with  the  antenna  response  k  h(t): 


g(t) 


h  (-r)h  (t-x)dr 


— oo 


(Eq.  M-3) 


The  compressed  field  g(t)  may  also  be  expressed  In  terms  of  the  inverse 
Fourier  transform  of  the  product  of  the  signal  frequency  spectrum  H*(u) 
with  the  antenna  frequency  spectrum  k  H (to): 

G(w)  =  S(w)  H(u)  *  k  }  H (ai )  | 2  (Eq.  11-4) 


9  ( t ) 


| H (u )  | 2  e  jwt  du> 


(Eq.  H-5) 


A  sketch  of  the  field  compression  concept  is  shown  in  Figure  1 1-1. 

The  field  compression  ratio  is  the  ratio  of  the  temporal  width  of  the  input 
signal  to  the  temporal  width  of  the  compressed  field.  This  ratio  is  also 
equal  to  the  product  of  the  dispersed  field  duration  arising  from  the 
antenna  tranfer  function  and  the  spectral  bandwidth  of  the  input  signals; 
it  will  be  referred  to  as  the  bandwidth-t ime  product  or  simply  the 
BT  product.  Since  it  is  known  of  passive  antenna  devices,  that  the  total 
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energy  of  the  compressed  field  can  be  no  greater  than  that  of  the  Input 
or  source  field,  it  follows  that  the  amplitude  of  the  compressed  field  is 
equal  to  or  less  than  the  product  of  /FT  with  the  source  field  amplitude, 
.‘he  maximum  power  density  of  the  compressed,  radiated  field  relative  to 
the  source  input  power  will  therefore  be  proportional  to  BT  as 

P 

—  =  KOT  (Eq.  11-6) 

P; 


where  the  constant  K  Is  related  to  antenna  geometry  and  field  coordinates. 

Us  ••ally,  antennas  are  described  in  terms  of  their  radiation  character¬ 
istics.  The  criteria  such  as  beam  width  and  sldelobe  level  are  frequently 
applied  as  measures  of  antenna  performance,  in  system  applications  where 
an  antenna  is  used  as  a  conjugate-matched  filter,  additional  criteria  such 
as  phase  or  frequency  modulation  must  be  considered  equally  important  in 
terms  of  overall  performance.  Clearly,  filter  parameters  must  be  expressed 
in  terms  of  those  of  the  antenna  if  the  combined  system  is  to  be  analyzed 
according  to  antenna  theory.  In  its  role  as  a  field  compression  device, 
the  antenna  must  possess  the  following  properties:  the  dispersive 
characteristics  of  a  filter  which  is  conjugate-matched  to  a  source  field 
in  order  to  create  maximum  signal  duration,  as  large  a  bandwidth  as  possible 
in  order  to  maximize  the  compression,  high  directivity,  and  efficiency 
as  a  radiator.  In  addition,  there  will  be  practical  characteristics 
such  as  small  size  at  the  lowest  desired  frequency  of  operation  and  the 
ability  to  accept  significant  input  power  at  the  highest  operational 
frequency  where  antenna  geometry  is  the  smallest.  These  are,  therefore, 
the  basic  constraints  for  field  compression  antennas. 

3.  FREQUENCY- INDEPENDENT  ANTENNAS 


There  is  a  certain  class  of  antennas  which  exhibit  both  large  bandwidth, 
some  greater  than  50:1,  and  high  dispersion.  These  are  called  frequency 


independent  antsnnas.  They  have  been  operated  to  frequencies  as  high  as 
12  GHz,  hence  having  relatively  small  size  while  maintaining  large  band¬ 
width  is  clearly  possible.  A  study  of  the  properties  of  this  class  of 
antenna  as  potential  field  compression  devices  is  considered  here. 

In  order  for  an  antenna  to  be  frequency  independent,  its  geometry  must 
be  invariant  to  a  change  of  scale  that  is  proportional  to  a  change  in 
wavelength.  For  instance,  it  can  be  shown  that  this  invariance  under 
scale  change  can  be  equivalent  to  a  spatial  rotation  which  leaves  the 
structure  invariant.  From  this  principle,  it  follows  that  the  class  of 
all  surfaces  capable  of  being  frequency  independent  antenna  structures  are 
those  for  which  (see  geometrical  details  in  Appendix  F) 

<j>  -  b  In  r  =  f  (0)  (Eq.  11-7) 

where  (r,  0,  <(>)  are  the  usual  spherical  coordinates  and  f (0 )  is  an 
arbitrary  function  of  0.  Antennas  satisfying  Equation  I  I  — 7  are  those  with 
log-periodic,  geometrical  structures,  that  Is,  structures  having  a  periodicity 
which  expands  at  a  logarithmic  rate.  These  include  the  planar  log-periodic 
dipole  array,  the  planar  equiangular  (or  logarithmic)  spiral  and  conical 
spiral  antennas,  all  of  which  follow  from  Equation  11-7  under  the  restric¬ 
tion 


6-0  =  F  4  -  b  In  r)  (Eq.  1 1-8) 

o 

where  F  (<p  -•  b  In  r)  is  a  periodic  function  of  (<t>  ”  b  In  r)  and  Qq  and  b  are 
constants  for  any  given  antenna.  In  principle,  there  can  be  an  infinite 
variety  of  frequency  independent  antenna  geometries  depending  on  the 
form  of  F;  structure  periodicity  appears  to  be  only  a  sufficient  condition 
for  an  antenna  to  possess  this  property. 
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Any  antenna  satisfying  Equation  11-8  is,  in  principle,  no  better  than 
any  other:  they  are  simply  all  frequency  independent.  However,  in  practice, 
some  antennas  have  more  desirable  features  for  certain  applications  than 
others.  For  example,  some  are  more  compact  while  others  possess  greater 
directionality.  The  point  is  that  for  a  given  application,  the  best 
choice  of  frequency  independent  antennas  cannot  be  determined  without  first 
limiting  the  infinite  class  represented  by  Equation  H-7.  In  the  following 
sections  only  a  known  subclass  of  these  antenna  structures  will  be  con¬ 
sidered:  those  which  derive  their  frequency  independent  behavior  from 
Equation  11-8  and  are  therefore  called  log-periodic  structures.  There  is 
no  theoretical  limit  on  the  bandwidth  over  which  these  antennas  can  be 
designed.  In  Section  IV,  it  will  be  seen  that  the  log-periodic  scaling 
property  is  also  the  origin  of  their  high  dispersion. 

k.  LINEAR  AND  NONLINEAR  FILTERS 


The  theory  of  matched  filters  has  been  adequately  described  by  Cook 
2 

and  Bernfield.  In  general  there  are  two  types  of  FM  pulse  compression 
filters:  linear  and  nonlinear.  Linear  FH  filters  possess  a  phase  which 
varies  quadratical ly  with  frequency.  There  are  no  known  broadband, 
dispersive  antennas  having  this  phase  variation.  Nonlinear  FM  filters 
characteristic  of  log-periodic  antennas  have  phases  which  vary  as  the 
logarithm  of  the  frequency.  In  either  case,  the  filter  is  a  dispersive 
device  and  it  follows  that  the  antenna  used  as  an  FM  filter  must  also  be 
dispersive.  For  a  given  antenna,  its  characteristic  design  will  determine 
whether  its  filter  characteristics  will  be  linear  or  nonlinear. 

The  characteristic  dispersion  of  an  antenna  can  be  described  by  its 
transfer  function,  that  is,  by  antenna  impulse  response.  It  should  be 
noted  that  once  the  antenna  transfer  function  H(w)  is  known,  then  the  source 
needed  to  drive  the  antenna  under  conjugate  matching  is  in  theory  described 
by  Equation  11-2,  or  by  Equation  1 1-1,  if  h(t)  is  determined  instead  of 
H(oj).  Therefore,  determination  of  the  transfer  function  for  a  field 
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compression  antenna  provides  the  essential  information  necessary  to 
actually  construct  the  source. 

In  view  of  the  nonexistence  of  broadband,  highly  dispersive,  quadratic 
phase  antennas,  emphasis  has  been  shifted  to  in-depth  studies  of  log-periodic 
antennas  as  being  the  most  promising  types  for  field  compression.  Never¬ 
theless,  the  theory  of  quadratic  phase  antennas  will  also  be  presented  in 
Section  IV  along  with  the  theory  of  log-periodic  phase  antennas. 

Measured  transfer  functions  and  BT  products  for  a  variety  of  log- 
periodic  antennas  are  given  in  Section  III. 

5.  EXAMPLE  ON  FIELD-COMPRESSION  RADIATION 


Application  of  BT  product  to  a  radiated  field  requires  simple  definition 
of  radiated  power  density  in  the  far  zone.  Suppose  an  antenna  is  fed  by 
a  power,  W,  which  is  radiated  by  an  omnidirectional  antenna,  the  power 
density,  at  r  from  the  antenna  is 

P  =  WAttt2 
o 

If  a  practical  antenna  has  a  directive  gain  D  with  perfect  radiation 
efficiency,  the  radiated  power  density  would  be 

P  =  DP  =  WDAirr2 
a  o 

This  last  expression  for  radiated  power  density  is  for  CW  or  monchromatic 
operation.  If  a  dispersive  antenna  with  a  BT  compression  gain  is  used, 
this  broadband  antenna  would  have  a  peak-power  density  gain  by  an  additional 
factor  BT .  Therefore,  the  radiated  power  density  is 

P  =  (BT)  p  =  W(D)  (BT)/i»Tir2  (Eq.  11-9) 

3  3 
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For  instance,  if  a  log-periodic  antenna  has  D»  ti^/  sfl  (see  Chapter  VII), 
8T  =  2000  for  an  antenna  volume  of  4  m  (see  Chapter  V),  the  radiated 
maximum  power  density  is 

P  ,  =  W  (250  /2~  t r)/r2 

d 

»  0.25  /2~  it  W 

2 

at  a  distance  100  m  from  the  antenna.  If  the  directive  gain  0  =  v  //l~  is 
used  in  Equation  11-9,  the  compressed  electric  field  intensity, 

E  =  /Pd/120  tt  (Eq.  ||-10) 

n/bTW 

r'Jl 

Substitution  of  BT  gain  and  the  Input  power  W,  the  compressed  electric 
field  can  be  readily  obtained  for  log-periodic  antennas.  In  addition  to 
the  gain  of  a  single  dispersive  antenna,  many  dispersive  antennas  can  be 
arrayed  to  increase  total  gain  further.  The  most  simple  way  to  evaluate 
this  gain  Is  to  use  the  total  number  of  radiation  cells  available,  as  will 
be  discussed  in  Chapter  VII.  Simply  stated  here,  the  compressed  power 
density  is 

N  7 

Pd  =  («£  (Dj)  (BT) j)/4irr 

M 

where  the  running  index  J  is  to  denote  various  dispersive  antennas  that 

may  possess  various  directive  gain  D.  and  temporal  compression  gain  (BT).. 
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SECTION  III 


VERIFICATION  OF  FIELD  DISPERSION  AND 
COMPRESSION  BY  MEASUREMENTS 


1.  INTRODUCTION 


The  purpose  of  the  material  presented  in  this  chapter  is  to  demonstrate 
the  validity  of  the  field  compression  concept  by  analyzing  measured 
dispersion  data.  A  short  pulse  is  used  to  excite  six  log-periodic  antennas. 
Their  radiated  fields  are  received  in  the  far  zone  by  a  monopole  stub.  The 
radiated  pulse  dispersions  are  presented  to  demonstrate  required  driving- 
pulse  duration  if  these  antennas  are  to  be  used  for  pulse  compression. 

Frequency-domain  characteristics  are  established  for  the  antenna 
transfer  functions  by  numerical  Fourier  transforms.  Despite  the  inadequacy 
of  the  driving  source  Uo  be  discussed),  the  essential  information  about 
phase  angle  or  instantaneous  frequency  delay  has  been  established  for  every 
antenna  measured.  This  information  enables  analytical  formulations  of 
filter-functions  for  the  antenna  and  gives  rise  to  an  accurate  prediction 
of  the  BT  product  for  each  antenna. 

Since  measured  data  have  verified  the  desired  dispersion  character¬ 
istics  for  which  analytical  models  are  to  be  given  in  Section  IV,  the 
concept  of  field-compression  radiation  is  considered  to  have  been  verified 
by  the  measured  data  from  which  conjugate-matched  driving  source  can  be 
speci f ied. 

2.  TRANSFER  FUNCTION  MEASUREMENT  CONCEPT 


Before  antenna  field  compression  can  be  demonstrated, 
transfer  function  would  first  have  to  be  determined.  This 


the  antenna 
is  so  because 
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it  contains  the  necessary  information  on  how  to  design  the  conjugate- 

matched  source  waveform.  The  measurement  of  the  antenna  transfer  function 

directly  provides  bandwidth  and  duration.  It  thus  allows  BT  product 

evaluation  without  the  need  of  driving  the  antenna  with  a  conjugate-matched 

source.  The  field  can  then  be  compressed  analytically  by  taking  the  inverse 

2 

Fourier  transform  of  H(w)  (recall  Equation  11-5). 

The  transfer  function  is  g  ven.  by  the  antennas'  impulse  response 

H(u>)  =  ffey  (Eq-  MM) 

where  S (co)  and  G(u>)  are  the  measured  input  and  output  antenna  signals. 
Ideally,  the  driving  source  for  testing  a  dispersive  antenna  is  an  impulse 
that  would  have  flat  spectral  density  from  dc  to  an  indefinitely  high 
frequency.  If  this  were  so,  S(w)  would  be  constant  and  H(m)  a  G(w). 

Since  this  source  does  not  exist,  the  alternative  is  to  provide  a  source 
having  significant  spectral  density  from  dc  to  the  highest  frequency  of 
interest.  The  presently  available  high  voltage  pulse  generators  can  only 
provide  significant  spectral  content  up  to  1.5  GHz  and  may  be  down  by 
-40  dB  or  more  at  4  GHz.  (See  Appendix  C  for  a  discussion  of  driving 
source  characteristics.)  As  will  be  described  later,  several  antennas 
which  were  measured  have  high  frequency  response  up  to  4  GHz,  and  another 
goes  to  10  GHz.  The  inadequacy  of  using  the  presently  available  pulse 
generators  for  these  types  of  measurements  makes  it  necessary  to  analytically 
compensate  measured  results  in  order  to  obtain  antenna  transfer  functions. 

3.  MEASUREMENT  SYSTEM 


Basically,  antenna  dispersion  was  measured  using  a  high  voltage,  fast 
risetime,  short  duration  pulse  generator  to  drive  the  antenna.  Both  the 
input  signal  and  the  antennas'  radiated  response  were  displayed  on  a 
sampling  oscilloscope  and  photographed.  This  information  was  then 
digitized  and  used  to  determine  the  complex  antenna  transfer  function, 
source  function  and  compressed  pulse  in  the  frequency  and  time  domains. 
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Some  of  the  measured  data  for  this  analysis  have  been  provided  by  Paul 
VanEtten  of  RADC. 

The  measurement  system  used  to  test  the  ASN-I17AA  cavity-backed  spiral 
by  BDM  is  shown  in  Figure  I  I  1-1  and  is  described  in  detail  in  Appendix  B. 

The  system  used  at  RADC  is  similar  to  the  one  used  at  BDM.  It  should  be 
pointed  out,  however,  that  some  dispersion  measurements  were  made  using  a 
receiver  antenna  identical  to  the  one  under  test.  In  these  cases,  since 
identical  antennas  can  be  as  assumed  to  exhibit  the  same  characteristic 
dispersion,  the  dispersion  time  or  pulse  duration  is  doubled.  Most  of  the 
tests  were  conducted  using  a  2  cm  stub  monopole  as  the  receiver  field 
probe.  In  this  configuration,  the  one-way  antenna  dispersion  is  measured. 

The  differences  in  responses  will  be  pointed  out  as  the  data  are  presented. 

An  analysis  of  the  characteristics  of  the  2  cm  stub  monopole  probe  was 
made  to  determine  its  effect  on  the  measured  antenna  response.  In  principle, 
this  type  of  field  sensor  should  provide  replica  response.  The  analysis, 
presented  in  Appendix  C,  provides  amplitude  and  phase  information  indicating 
a  relatively  flat  probe  response  to  frequencies  up  to  1.6  GHz.  For 
frequencies  higher  than  1.6  GHz,  probe  response  becomes  noisy.  This  appears 
to  have  been  caused  by  the  pulser  source  energy  that  has  extremely  low 
amplitudes  above  1.6  GHz.  (See  Figure  C-48.)  By  treating  the  stub  as  a 
monopole,  the  receiver  probe  should  in  theory  be  able  to  measure  frequencies 
as  high  as  7-5  GHz. 

4.  MEASURED  RESULTS:  TRANSFER  FUNCTIONS  AND  BT  PRODUCTS 


Six  measured  antenna  responses  have  been  selected  for  digitization, 
Fourier  transformation  and  dispersion  characterization.  All  antennas  are 
manufactured  by  American  Electronic  Laboratories,  Inc.  (AEL)  and  they  are 
briefly  summarized  in  Table  lll-l.  Response  measurements  of  these  antennas 
are  described  in  Appendix  B.  A  complete  presentation  of  the  digitized 
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Experimental  Setup  used  to  Measure  the 
Transfer  Function  for  the  ASN-117AA 
Cavity-Backed  Serial  Antenna 


Figure  lll-l(b).  Experimental  Setup  Used  to  Measure  the  Transfer  Function  for  the 
ASN-1I7AA  Cavity-Backed  Serial  Antenna 
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dispersed  pulses,  the  amplitu-  anJ  plid  e  distributions,  the  input  functions, 
and  the  transfer  functions  can  be  found  in  Appendix  C. 

a.  Transfer  Function  Cavity-Backed  Spiral  Antenna  ASN-1232A 

This  antenna,  shown  in  Figure  B- 1 8 ,  has  a  dispersed  puise 
duration  of  about  65  ns  as  seen  in  Figure  ill-2(a).  The  amplitude  of  the 
transfer  function  is  shown  in  Figure  1 1  I  - 2 ( b)  and  the  phase  variation  is 
Figure  lll-2(c).  The  peak  in  the  transfer  function  amplitude  at  2.1  GHz 
is  noise  induced,  being  caused  by  a  deep  null  in  the  source  (Appendix  C, 
Figure  C-4) .  The  phase  shows  the  characteristic  log-periodic  behavior 
only  from  0.15  GHz  to  0.9  GHz.  The  reason  for  this  premature  cutoff 
can  be  seen  in  Figure  C~5  which  shows  that  the  phase  of  the  input  signal 
is  very,  irregular  between  0.9  GHz  and  2  GHz.  It  is  clear  that  the 
measured  antenna  transfer  function  is  source  limited.  If  one  ignores  the 
peak  at  2.1  GHz,  then  the  amplitude  of  the  transfer  function  is  seen  to 
be  fairly  flat  over  a  bandwidth  of  0.15  GHz  to  A  GHz.  The  rising  trend 
in  amplitude  above  A  GHz  is  due  to  numerical  processing  which  gives 
very  low-level  high-frequency  components  in  the  source  and  relatively 
high  level  in  the  antenna  response.  The  transfer  function  in  all  the 
noisy  regions  should  be  discarded  because  of  the  inadequacy  in  pulser 
source. 


Because  of  source  limitations,  the  complex  transfer  function 
should  only  be  considered  representative  of  actual  antenna  characteristics. 
To  obtain  a  BT  product  from  measured  data,  the  dispersed  pulse  duration  is 
seen  to  be  about  6.5  ns  and  the  bandwidth  may  be  obtained  from  the  phase 
plot  as  0.75  GHz  over  which  the  transfer  function  phase  angle  is  nearly 
log-periodic.  Thus 


BT  =  (0.75  GHz)  (65  ns)  =  ** 9 
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Cavity-Backed  Spiral  ASN-1232A.  (a)  Dispersed 
Pulse;  (b)  Transfer  Function  Amplitude, 

(c)  Transfer  Function  Phase 
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which  is  low  because  of  the  source  limitations,  and  should  be  treated  as 
a  preliminary  evaluation  from  measured  data.  If  an  adequate  source  was 
used  to  drive  this  antenna,  a  8T  product  of  250  should  be  realized  under 
the  criteria  stated  above.  This  will  be  discussed  in  greater  detail  at 
the  end  of  this  chapter. 

b.  Transfer  Function  of  Cavity-Backed  Spiral  Antenna  ASN-117AA 

This  antenna  is  shown  in  Figure  B- 15.  The  dispersed  pulse 
duration  is  about  15  ns  as  seen  in  Figure  I  1 1  — 3 (a )  -  Transfer  function 
amplitude  and  phase  are  shown  in  Figure  i  I  I ~3 (b)  and  Figure  I  I  I ~3 (c) , 
respectively.  Significant  nulls  occurring  at  2.7  GHz  and  3.3  GHz  in  the 
source  spectrum  (Figure  C- 1 2)  are  responsible  for  the  rising  trend  in 
transfer  function  amplitude.  Using  the  spectral  amplitude  at  2  GHz  as  a 
reference,  the  -10  dB  bandwidth  is  approximately  0.35  GHz  to  3.7  GHz.  The 
phase  shows  good  log-periodicity  from  0.28  GHz  to  1.8  GHz.  Using  the 
bandwidth  over  which  phase  is  log-periodic  as  the  criteria  for  measured 
compression  evaluation,  the  BT  product  is 

BT  =  (1.52  GHz) ( 1 5  ns)  =  23 

c.  Transfer  Function  of  Cavity-Backed  Spiral  Antenna  ASN-116A 

This  antenna  is  shown  in  Figure  B- 19.  Two  identical  antennas 
were  used  to  record  the  dispersion  shown  in  Figure  I  I  I  - 4 ( a ) .  The  input 
pulse  used  to  drive  these  antennas  was  not  recorded,  hence  the  output 
could  not  be  normalized  by  the  input  in  order  to  provide  an  accurate 
measure  of  the  transfer  function.  The  total  duration  of  the  dispersed 
pulse  is  about  \k  ns  and  this  is  using  two  antennas.  Therefore,  the 
actual  duration  is  only  7  ns.  Figure  i  1 1 -4 (b)  and  I  I  I -4 (c)  show  the 
amplitude  and  phase,  respectively,  of  the  dispersed  pulse.  Log-periodic 
phase  is  exhibited  from  about  0.63  GHz  to  2.5  GHz.  The  BT  product  based 
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Figure  lll-'t.  Cavity-Backed  Spiral  ASN-116A.  (a)  Dispersed 

Pulse;  (b)  Transfer  Function  Amplitude;  (c)  Transfer 
Function  Phase 


111-11 


on  these  measured  data  is 


BT  =  (1.87  GHz) (7  ns)  -  13 

These  results  are  considered  to  be  source  limited  and  therefore  not 
representative  of  the  antenna  transfer  function. 

d.  Transfer  Function  of  Crossed  Planar  Log-Periodic  Dipole 
Antenna  APX-25^A 


This  antenna  is  shown  in  Figure  B-20.  The  dispersed  time 
response  of  the  APX-25^A  in  Figure  i I  I  -  5 ( a )  has  a  duration  of  about 
70  ns.  Amplitude  and  phase  of  the  transfer  function  are  shown  in 
Figure  lll-5(b)  and  Figure  lll-p(c).  From  these  figures  it  is  seen 
that  the  transfer  function  is  fairly  flat  from  about  0.13  GHz  to  about 
0.8  GHz  while  the  phase  exhibits  log-periodicity  from  about  0.1  GHz  to 
0.8  GHz.  Again,  these  results  appear  to  be  source  limited  for  an  antenna 
designed  to  operate  to  4  GHz.  The  BT  product  based  on  observed  data  is 

BT  =  (0.7  GHz) (70  ns)  =  kS 

e.  Transfer  Function  of  Planar  Log-Periodic  Dipole  Array 
Antenna  APN-995B 


A  photograph  of  the  APN-995B  is  shown  in  Figure  B-17.  A 
dispersed  pulse  duration  of  70  ns  is  seen  in  Figure  I  I  I -6 (a )  .  Transfer 
function  amplitude,  shown  in  Figure  I  I  I  - 6  ( b ; ,  is  seen  to  be  relatively 
flat  over  the  antennas'  designed  bandwidth  of  0.03  GHz  to  1 . 1  GHz.  As 
seen  in  Figure  1 1 1 -6 (c )  the  phase  is  log-periodic  in  frequency  from 
0.097  GHz  to  1.05  GHz.  The  BT  product  is 

BT  =  (.953  GHz) (70  ns)  =  67 
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Figure  1 1 1-5.  Crossed  Planar  Log-Periodic  APX-251«A.  (a)  Dispersed 
Pulse;  (b)  Transfer  Function  Amplitude;  (c)  Transfer 
Function  Phase 
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Figure  IH-6.  Coplanar  Log-Periodic  APN-995B.  (a)  Dispersed 
Pulse;  (b)  Transfer  Function  Amplitude;  (c) 
Transfer  Function  Phase 

111-14 


It  should  be  pointed  out  that  this  was  the  only  antenna  which  could  be 
adequately  tested  over  its  complete  design  bandwidth. 

f .  Transfer  Function  of  Pyramidal  Log-Periodic  Antenna  APN-502A 

The  dispersed  pulse  has  a  measured  duration  of  about  16  ns  as 
seen  in  Figure  lll-7(a).  The  -10  dB  bandwidth  of  the  APN-502A  is  from 
0.14  GHz  to  1.45  GHz  as  seen  in  Figure  I  I ! - / ( b ) .  The  4  GHz  component 
has  dropped  below  -40  dB  which  again  demonstrates  the  inadequacy  of  source 
used  to  drive  the  antenna.  Figure  I  I  1-7 (c)  shows  that  the  phase  is  log- 
periodic  from  0.17  GHz  to  2.0  GHz.  The  observed  BT  product  of  this 
antenna  is 


BT  =  (1.83  GHz) (16  ns)  =  30 
5.  SUMMARY  OF  MEASURED  RESULTS 


For  all  antennas  tested,  the  driving  source  was  inadequate  to  excite 
their  full  bandwidth  response.  (The  source  was  considered  adequate  for  the 
APN-995B.)  As  a  result,  measured  BT  products  are  much  smaller  than  they 
should  have  been.  Table  111-2  shows  a  comparison  between  measured  and 
predicted  results  under  the  assumption  of  a  driving  source  adequate  to 
excite  a  .  tennas1  highest  frequency  response.  It  can  be  seen  that 
BT  products  may  prove  to  be  as  much  as  5  times  greater  than  measured 
results  indicated  for  these  antennas. 

Several  useful  observations  of  transfer  functions  of  log-periodic 
antennas  may  be  made.  All  antennas  possess  a  phase  which  varies  as  the 
logarithm  of  the  frequency.  This  means  that  the  time  delay  is  inversely 
proportional  to  the  frequency.  The  greatest  time  delay  occurs  for  the 
lowest  frequency,  therefore  there  is  a  tendency  for  antennas  with  lower 
frequencies  of  operation  to  exhibit  longer  durations.  Other  design  factors 
can  affect  this  as  will  be  seen  in  the  following  chapters. 
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Figure  I  I  1-7.  Pyramidal  Log-Periodic  APN-502A.  (a)  Dispersed 
Pulse;  (b)  Transfer  Function  Amplitude;  (c) 

Transfer  Function  Phase 

111-16  i 

fl 

f 


CM 

I 


GO 

< 


BT 

o 

LA 

CM 

sO 

LA 

so 

SO 

273 

o 

sO 

-3- 

CA 

z 

o 

— 

K  to 

LA 

LA 

O 

o 

sO 

<  c 

sO 

*— 

cc  ^ 

ZD 

o 

Q 

LU 

H* 

O 

o 

LU 

(/) 

CC 

o 

(- 

CL 

CM 

o 

o 

• 

• 

O 

o 

3= 

• 

• 

o 

o 

p— 

* 

ZD 

i- 

-3“ 

-» 

p— 

• 

CA 

CD 

£3  ^ 

-3- 

i 

O 

—  N 

t 

1 

1 

1 

cc 

3  X 

1 

cl 

O  CD 

LA 

oo 

CA 

cn 

1^ 

Z 

p— ■ 

CM 

\D 

p— 

o 

p— 

t— 

< 

• 

{  • 

• 

• 

• 

•  J 

GO 

GO 

o 

o 

o 

o 

o 

o 

Q 

LkJ 

H 

o 

Q 

<Tv 

pa 

CA 

<T\ 

r*^ 

o 

LLl 

GO 

-3- 

CM 

p* 

-3- 

vO 

CA 

cr: 

Q- 

z 

< 

Q 

UJ 

Z 

a: 

o 

3 

—  V 

IS) 

1—  ol 

LA 

LA 

O 

o 

SO 

< 

<  c 

'Xl 

r^. 

LU 

CC 

x 

ZD 

p— 

CD 

Lu 

o 

o 

LU 

CL 

z 

Z> 

o 

to 

</> 

< 

LA 

— 

LU 

O 

cc 

X 

<n 

CO 

LA 

• 

O 

< 

Z 

• 

• 

• 

00 

p— 

• 

CL 

H 

o 

p— 

CM 

♦ 

CM 

x 

o  ^ 

o 

1 

o 

—  N 

1 

\ 

I 

1 

O 

3  X 

i 

r- 

Q  CD 

LA 

oo 

CA 

as 

r-» 

Z  ^ 

p— ■ 

CM 

sO 

r— 

o 

p“*  i 

< 

• 

• 

• 

» 

• 

GO 

o 

o 

o 

o 

o 

° 

< 

< 

CM 

< 

< 

< 

< 

CA 

r^» 

SO 

a:  -3" 

2 

Q  CM 

o  — 

o  — 

<  LA 

2 

LU 

LU  — 

LU  — 

LU  — 

Z  o  CM 

o  >- 

o 

U 

i  a. 

^  1 

XZ  1 

*:  i 

<  —  1 

—  < 

__ 

H 

>- 

o  z 

<_>  z 

O  Z 

_i  a  x 

Q  OC 

CD 

2 

f- 

«t  CO 

<  CO 

<  CO 

CL  O  CL 

O  IX’. 

—I  o 

< 

CD  < 

CD  < 

CD  < 

—  < 

—  <  CD 

<  —  < 

1 

1 

1 

o  ac 

C2  Cf\ 

OK  N 

>-  -J 

>“  —1 

>  -1 

LU  LU  LU 

LU  LU  CA 

—  LU  O 

1-  < 

1-  < 

H  < 

00  Q-  -J 

a  u  cn 

X  0.  CA 

—  CC 

—  CC 

—  OC 

CO  1  o 

1  O  1 

<  1  1 

>  — 

>  — 

>  — 

ooa 

cd  a.  z 

0£  C3  Z 

<  a. 

<  a. 

<  a. 

a:  o  — 

o  —  a. 

>-  O  a- 

o  i n 

O  CO 

O  C/) 

o  «u  o 

1  o  < 

0 _ 1  < 

>- 

c 

O 

o 

i 

c 

p— 

cn 

4) 

4-1 

O  • 

3 

CD 

—  Ol 

cr 

L. 

c 

4) 

3 

10  •— 

L. 

"D 

4J 

M- 

X 

L. 

c  cn 

3 

0) 

o  — 

o 

4— • 

—  4) 

p— 

5 

*D 

CD 

ID 

4) 

• —  •— 

C 

«-  <0 

Ol  • 

ID 

4) 

4-J 

>  4J 

oi  u 

c 

O 

4)  U 

CD 

4)  <U 

TJ  3 

o 

01  Q. 

0 

•— 

ID  I/I 

4-»  01 

X 

01 

•— 

Ou  O 

41  4) 

C 

4-> 

X  01 

CD 

■u 

oi  — 

•  OI 

4)  TJ 

—  3 

to 

L.  L. 

X  CL 

3  ID 

E 

O 

l/l  Ol 

4)  — 

4-J 

ID  V 

X 

4)  L. 

4-)  4) 

T 3 

£ 

X 

0) 

C  ID 

4-J 

4)  3 

4)  3 

o 

X  0 

4)  cr 

0) 

4J  X 

3  4) 

Q. 

+J 

4->  T> 

X 

X  — 

4J  ID 

CD 

o  3 

X 

C 

4-> 

X  TJ 

4)  ID 

o 

3  ID 

O 

c 

01 

c  at 

c-  3 

4>  c 

to 

4) 

L.  — 

•— » 

>  C 

4)  E 

0  ID 

u-  n 

0) 

4> 

>4-  01 

to 

4->  X 

—  01 

c 

ID 

TJ  ID 

o 

X  4) 

a. 

■M  > 

ID  >- 

to 

ID 

X  O 

(D 

01  X 

4J  C 

L. 

ID 

4) 

Ol 

01  3 

c  c 

ID  cr 

O 

4)  O 

4) 

c 

^  — 

C  L. 

CD 

ID  4-1 

4J  M- 

3 

4-1  ID 

O* 

l_ 

ID  4-1 

0) 

C  3 

4-1  01 

L. 

4)  -a 

4) 

4- 

ID 

c  3 

X  T3 

4)  5 

-C 

ID 

<D  — 

a> 

01  > 

X 

•— 

ID  U 

TJ 

JZ 

X  4) 

4)  4) 

01 

>  •- 

L. 

X  X 

ID  3 

0 

4-»  O 

X  01 

4— 

TJ 

ID 

— 

01  4) 

C 

4  6 

X  E 

o 

4-> 

•— 

c  — 

■a  4) 

•M 

ID  TJ 

—  X 

u 

X  0 

3  4-» 

a) 

•_ 

TJ 

u 

4) 

C  T3 

L. 

£  S. 

ID  C 

o 

40  ID 

O 

•— 

CSI 

CA 

l/> 

LU 

H 

O 


111-17 


If  the  transfer  function  amplitude  were  smoothed  over  tne  operating 
bandwidth  as  if  the  antenna  were  driven  by  a  perfect  source  (consider  for 
example  Figure  I  I  I -6 ( b) ,  the  amplitude  distribution  could  be  approximated 
by  a  Hamming  weighting  function. 

Also,  if  the  phase  angle  of  the  transfer  function  were 
log-periodic  over  the  entire  CW-specified  bandwidth,  the  complex  transfer 
function  of  a  field-compression  antenna  could  be  formulated  analytically  as 
described  in  Section  IV. 

6.  REQUIREMENTS  FOR  FIELD  COMPRESSION 

The  measured  data  in  time  domain  have  shown  sequential  delays  of 
instantaneous  frequencies  from  the  high-end  to  the  low-end  of  operational 
bandwidth.  Although  the  high-end  frequency  components  cannot  be  easily 
identified  because  of  the  lack  of  these  components  in  the  driving  sources, 
the  estimates  for  dispersed-pulse  duration  are  considered  to  be  good 
approximations  for  actual  antenna  performance.  These  estimated  durations 
can  be  considered  as  those  required  of  respective  driving  sources  with 
frequency  components  taking  place  in  reverse  order  of  that  measured  in 
this  program. 

The  transfer  functions  of  all  antennas  have  demonstrated  well-behaved 
log-periodic  phase  angles  in  the  bandwidths  where  the  source  has  provided 
adequate  excitation.  By  referring  to  CW  specifications  of  these  antennas, 
it  appears  that  log-periodic  phases  can  be  assured  over  the  entire  specified 
bandwidths.  These  extrapolated  phase  functions  are  analytically  formu¬ 
lated  and  plotted  for  all  six  antennas  in  the  Section  IV. 

To  use  any  of  the  antennas  for  field  compression,  its  driving  source 
has  to  be  designed  in  the  frequency-domain  to  have  a  conjugate  phase  angle 
of  the  measured  dispersion.  Although  the  requirements  for  driving  source 
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can  be  stated  equivalently  in  either  time  or  frequency  domain,  it  is 
important  to  recognize  that  a  successful  source  design  can  best  be  helped 
by  having  information  available  in  both  domains. 

The  measured  pulses  have  shown  their  spectral  densities  to  have  t*'e 
tendency  of  decreasing  rapidly  with  lower  frequencies.  This  is  expected 
since  the  CW-bandwidth  of  each  antenna  element  decreases  exponentially 
with  decreasing  frequencies.  The  observed  common  tendency  is  indeed  the 
result  of  maintaining  a  constant  fractional  bandwidth  for  each  elernen:. 

To  design  a  source  to  perform  pulse  compression,  there  are  various  choices 
for  spectral  density.  If  spectral  distribution  of  a  source  is  designed 
to  be  the  same  as  that  of  the  antenna,  the  radiated  pulse  would  be  com¬ 
pressed  symmetric  to  the  pulse  peak  and  yield  a  definite  value  for  BD 
gain.  Should  a  source  be  designed  wfth  spectral  distribution  different 
from  that  of  the  antenna,  the  compressed  pulse  shape  would  be  asymmetric 
with  respect  to  the  pul  e  peak,  and  the  BT  gain  would  vary  according  to 
assigned  distribution.  More  numerical  results  reflecting  BT  gain  with 
source  spectral  distribution  will  be  given  in  Section  VII. 
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SECTION  IV 


FIELD  COMPRESSION  ANTENNA  MODEL  BY 
ELEMENTAL  REGION  FORMULATION 


I.  INTRODUCTION 


In  order  to  maximize  field  compression,  it  is  necessary  to  develop  an 
analytical  expression  of  the  BT  product  in  terms  of  antenna  parameters. 

This  requires  an  understanding  of  the  radiation  mechanism  which  makes 
the -antenna  an  effective  filter.  In  this  chapter,  the  mechanism  for  the 
dispersive  radiation  of  log-periodic  antennas  is  formulated  in  terms  of 
active  region  radiation  by  slow  wave  structures.  This  will  be  accomplished 
by  first  presenting  the  theory  for  radiation  by  a  single  active  region. 
Then,  an  analytical  model  of  a  log-periodic  antenna  will  be  treated  as  a 
collection  of  many  active  regions.  As  a  result  of  this  analysis,  it  will 
be  seen  that  the  relative  time  delay  between  radiations  from  adjacent 
active  regions  depends  upon  the  slowness  of  wave  propagation  along  the 
axis  of  the  antenna  and,  further,  that  this  can  be  expressed  in  terms  of 
the  fractional  bandwidth  per  active  region.  This  model  will  be  verified 
by  using  it  to  predict  the  dispersion  durations  measured  for  the  six 
antennas  in  Section  III. 

2.  PHYSICAL  DESCRIPTION  OF  AN  ACTIVE  REGION  OF  A  LOG-PERIODIC  ANTENNA 


Active  region  radiation  by  a  log-periodic  antenna  is  presently 
understood  in  terms  of  wave  propagation  along  certain  slow  wave, 
slightly  aperiodic  structures.  This  theory  is  outlined  in  Appendix  E 
and  will  only  be  summarized  here  as  it  applies  to  log-periodic  antennas. 
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A  slow  wave  structure  is  one  in  which  the  propagation  velocity  of  a  wave  along 
the  structure  is  less  than  that  of  a  free-space  wave  traveling  in  the  same 
direction.  The  ratio  of  the  slow  wave  phase  velocity  vp  to  the  free  space 
phase  velocity  defines  the  slowness  factor  S  for  a  particular  structure: 


S  = 


(Eq.  IV-1) 


where  k  and  0  are  the  free  space  and  slow  wave  propagation  constants, 
o 

respectively,  and  er  =  f/eq  >  1  represents  the  effective  permittivity  of 
the  slow  wave  structure.  The  most  general  characterization  of  active  region 
radiation  by  a  log-periodic  antenna  is  that  it  can  support  not  only  slow 
waves  (S  l)  but  also  fast  waves  (S  >  1).  Such  structures  can  be  most 
simply  described  by  Equation  1 V - l  when  is  a  spatially  periodic  function 
of  z  wi th  a  period  d.  A  convenient  representation  of  the  wave  properties 
of  this  type  of  structure  over  one  period  is  shown  in  Figure  IV-1.  A 
point  (kQd,  0d)  on  this  diagram  determines  both  the  slowness  and  the  prop¬ 
agation  direction  of  waves  traveling  on  the  structure.  A  general  wave 
propagating  along  antenna  structures  can  be  expressed  in  terms  of  spatial 
harmonics  of  which  all  wave  numbers  differ  by  a  constant  determined  by 
structure  periodicity: 

0  =  0  +  ,  n  =  o,  +1,  +2,  ...  (Eq.  IV-2) 

n  o  j  ™ 


From  Equations  IV-1  and  IV-2,  it  is  seen  that  when  |n|  is  sufficiently 
large,  such  that  6  >  k  or  v  <  c,  all  spatial  harmonics  become  slow 
waves.  Taking  0q  >  o,  spatial  harmonics  for  n  >_  o  are  considered  forward 
traveling  waves.  Those  for  n  <  o  with  either  |nj  »  1  or  d  <<  X,  would 
have  negative  phase  velocities  and  are  associated  with  backward  traveling 
waves.  It  is  important  to  observe  that  a  backward  wave  spatial  harmonic 
with  n=-l  is  allowed  provided  d  <<  X.  This  particular  mode  is  of  present 
concern  for  log-periodic  antennas  which  predominately  involve  this  spatial 
harmonic. 
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active  radiation  region  of  a  Jog-periodic  antenna  may  now  be  given.  When 
the  logarithmic  expansion  rate  of  the  structure  periodicity  is  slow 
enough,  departure  from  uniform  periodicity  is  very  slight  over  several 
spatial  periods.  Under  this  condition,  a  given  small  region  of  the 
antenna  is  locally  periodic.  Therefore,  this  single  region  may  be 
locally  characterized  by  the  dispersion  exhibited  by  a  uniformly  periodic 
antenna  structure  whose  geometry  is  the  same  as  the  localized  geometry  of 
the  log-periodic  structure  being  considered.  The  slowness  S  is  determined 
by  the  periodic  structure  as 

v  j 

S  =  —£■  -  - -  =  f  (geometrical  structure  parameters)  (Eq.  IV-3) 


where  v^  is  the  axial  component  of  the  phase  velocity  of  the  fundamental 

wave  feeding  the  structure  and  f  is  a  function  of  the  antenna  geometry. 

The  kQd-pd  diagram  which  represents  a  suitable  dispersion  curve  of  the 

unmodulated  structure  is  shown  in  Figure  IV-2.  It  can  be  seen  that,  at  a 

fixed  value  of  kQ  and  for  slowly  expanding  log-periodic  geometry,  d  is 

gradually  and  monoton i cal  1 y  increasing  so  that  kQd  will  increase  proportionately 

away  from  the  input  region  of  the  antenna.  Assuming  the  presence  of  a 

dominant  mode  involving  coupling  between  only  the  n-o  and  n*-l  spatial 

harmonics,  the  line  with  n=o  representing  the  feed,  will  be  traversed 

from  low  toward  increasing  values  of  k  d;  hence  the  k  d-Pd  diagram  may  be 

0  o 

regarded  as  a  plot  of  the  propagation  constant  along  the  log-periodic 
antenna  as  a  function  of  the  variable  antenna  element  spacing.  Near 
the  feed  (the  small  end  of  the  antenna),  element  spacing  and,  therefore, 
the  values  kQd  are  sufficiently  small  that  the  structure  operates  in  its 
slow  wave  region.  The  n=o  fundamental  feed  wave  continues  to  be  a  slow, 
bound  wave  until  it  reaches  the  backfire  boundary  of  the  n=-1  spatial 
harmonic  radiation  region.  As  this  happens,  the  n«-l  harmonic  has  pro¬ 
gressed  to  the  backfire  boundary  of  the  fundamental  fast  wave  region. 

At  this  point,  the  traveling  feed  wave  becomes  complex  with  B_jd  =  kQd 


FAST  WAVE 
REGION' 


Dispersion  Curve  of  the  Unmodulated  Struct 


and  radiates  energy  via  the  n—1  spatial  harmonic,  which  has  now  become 
a  fast  wave  in  the  backfire  direction.  The  location  on  the  actual 
antenna  where  this  radiation  occurs  at  a  fixed  frequency  of  operation 
will  define  the  active  region.  The  element  In  an  active  region  is  designed 
to  be  about  one-half  wavelength  of  the  operating  frequency  to  enhance 
radiation.  It  was  stated  earlier  that  a  condition  necessary  for  a  given 
structure  to  support  a  slow  wave  involving  the  n«-l  spatial  harmonic  was 
that  the  spatial  period  of  the  structure,  d,  should  be  much  less  than 
the  wavelength  at  a  given  frequency  of  operation.  Thus,  it  can  be  con¬ 
cluded  that  successful  antenna  design  for  backfire  radiation,  a  character¬ 
istic  of  all  axially  log  periodic  antennas,  is  for  d  to  be  much  smaller 
than  the  resonant  — j  antenna  dimensions. 

The  complete  characterization  of  the  dispersive  properties  of  log- 
periodic  antennas  requires  the  consideration  of  all  active  regions  of  the 
antenna.  Or,  equivalently,  one  may  say  that  the  active  region  in  these 
antennas  moves  in  response  to  a  frequency  modulated  signal  in  order  to 
satisfy  the  scaling  condition.  As  the  FM  signal  travels  down  the 
structure,  the  high  frequencies  radiate  from  active  regions  close  to  the 
apex  and  the  lower  frequencies  from  regions  farther  down  the  antenna. 
Therefore,  it  is  the  difference  in  transit  time  necessary  to  excite  active 
regions  along  the  complete  axial  length  of  the  antenna  which  is  responsible 
for  the  dispersive  characteristic  of  log-periodic  antennas. 

3.  ELEMENTAL  MODEL  FOR  LOG-PERI ODI C  ANTENNAS 


Log-periodic  antennas  have  been  measured  in  this  program  to  show 
that,  regardless  of  their  geometric  appearances,  they  share  a  common 
transfer-function  characteristic.  That  is,  their  phase  angles  are 
log-periodic  and  each  period  represents  an  element  that  is  designed  for 
CW  applications.  The  fractional  bandwidth,  of  all  elements  is  observed  to 
be  the  same  for  a  given  antenna.  It  is  quite  natural,  therefore,  to 
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define  each  element  that  has  its  center  frequency  and  definite  bandwidth 
as  a  radiation  cell  of  the  dispersive  antenna. 

Analytical  models  of  dispersive  antennas  are  given  in  Appendix  D 
where  a  complete  illustration  of  radiation  mechanisms  is  available  for  a 
log-periodic  antenna.  The  sequence  and  nature  of  pulses  radiated  by  all 
radiation  cells  are,  therefore,  not  to  be  repeated  here.  Instead,  certain 
antenna  parameters  are  to  be  emphasized  here  for  the  purpose  of  future 
design  considerations  on  transmitter  waveforms. 

Figure  IV-3  gives  a  perspective  of  how  log-periodic  antennas  perform 
their  sequential  radiations  when  driven  by  an  impulse.  The  first  cell 
represents  the  highest-f requency  element  that  is  centered  at  f^  and  is 
cut  off  at  f  and  f^.  It  would  extract  whatever  driving  power  that  is 
within  its  bandwidth  and  radiate  into  space  as  the  first  dispersion  pulse. 
At  a  certain  time  later,  the  second  cell  would  perform  in  the  same  way 
and  radiate  into  space  a  second  dispersion  pulse.  This  process  would 
continue  until  the  last  cell  centered  at  fNo  performs  its  function  and 
radiates  the  last  dispersion  pulse.  The  resultant  pulse  is  then  a 
combination  of  all  these  pulses  as  have  been  measured  to  have  a  long 
duration  and  time-varying  instantaneous  frequencies.  The  group  delays 
of  the  pulses  from  each  cell  are  derived  in  Equation  D- 1 9  to  be 

tno  =  l/2fnoMl+6)  (Eq.  I V-4) 

where  <S  is  the  effective  fractional  bandwidth  of  the  cells.  The  overall 
di spersed-pul se  duration  is  equal  to  the  delay  time  of  the  last  radiation 
cell.  Let  T  be  the  duration  of  a  log-periodic  antenna,  then 

T  =  l/2fN(jJln(l+6)  -  l/2f££,n(l+6)  (Eq.  IV-5) 
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Figure  IV-3.  Frequency  Allocation  for  Radiation  Cells 
of  a  Log-Periodic  Antenna 
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If  the  lowest-f requency  f.  and  the  effective  fractional  bandwidth  6  can  be 
identified  for  an  antenna,  the  dispersed-pulse  duration  of  the  antenna  can 
be  readily  evaluated.  This  duration  value  T  is  critical  in  that  any 
transmitter  design  for  pulse  compression  will  have  to  take  it  into 
consideration.  For  all  six  antennas  measured  in  this  program,  their 
durations  are  analytically  obtained  as  shown  In  Table  IV-1. 

The  phase  angles  of  the  log-periodic  antennas  are  obtained  from 
measured  data  by  restricting  interpretation  only  into  the  bandwidths  where 
the  driving-source  pulser  has  significant  spectral  intensity.  A  general 
expression  that  applies  to  all  measured  antenna  is 

<p(f)  =  *n(f  /fh)/*n(l+fi),  f  <  f  <  fh  (Eq.  IV-6) 

where  f^  is  the  highest  cutoff  frequency  at  which  the  phase  angle  is 
chosen  equal  to  zero  as  reference.  For  a  given  antenna,  the  phase  angle 
may  be  uniquely  established  if  f^  and  the  effective  fractional  bandwidth  6 
are  known.  Evidently,  the  phase  slope  is  a  constant  determined  by  6. 
Steeper  slopes  would  result  from  smaller  values  of  6.  The  phase  slopes  of 
six  measured  antennas  are  evaluated  as  l/2,n(l+d)  in  Table  IV-1  where  6  is 
also  given  for  every  antenna  to  indicate  their  CW  bandwidths.  It  is  of 
interest  to  note  that  £n  (l+o)  is  approximately  <5  if  6  is  much  less  than 
unity  which  is  the  case  for  most  practical  LP  antennas.  As  a  result,  the 
duration  T  for  an  LP  antenna  can  be  approximated  as  the  inverse  of  the 
product  of  f^  and  <5.  By  decreasing  f^  or  6  in  antenna  design  by  one-half, 
one  can  expect  its  dispersed  pulse  duration  T  to  increased  by  a  factor  of 
2.  An  increase  of  T  by  a  factor  of  4  can  be  expected  if  both  f^  and  6  are 
reduced  from  the  original  design  by  one-half. 
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TABLE  f  V- 1 

ANALYTICALLY  OBTAINED  BT  PRODUCTS  COMPARED 
WITH  THOSE  OBSERVED  FROM  MEASURED  DATA 
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From  Table  III- 


After  obtaining  analytical  models  of,  phase  angle  6(f)  and  the 
dispersion  delay,  T,  they  can  be  compared  to  evaluate  T  based  on  the  lov/est 
frequency,  f  ,  observed  in  measured  data.  As  for  the  highest  frequency 
f  ,  the  measured  data  cannot  be  used  because  the  driving  source  has 
inadequate  spectral  intensity  in  this  region.  Therefore,  the  f^  listed 
in  Table  IV- 1  are  obtained  from  CW  specifications  of  the  antennas.  The 
BT  products  obtained  by  analytical  models  as  well  as  CW  specifications 
are  listed  for  all  six  antennas.  The  data  in  the  last  two  columns  are 
obtained  from  measured  T  and  CW-specified  f^.  Good  agreement  in  BT 
products  can  be  easily  established  by  comparisons. 

Figure  IV-4  presents  a  summary  of  phase  characteristics  of  all 
six  antennas  measured.  ASN-I232A  is  noted  to  have  the  steepest  slope 
which  indicates  in  turn  that  this  antenna  radiation  cell  has  the  smallest 
fractional  bandwidth.  Since  the  retardation  time  of  successive  radiation 
cells  is  inversely  proportional  to  £n(1+6)  ~  6,  a  smaller  6  is  equivalent 
to  a  larger  delay  if  the  same  antenna  volume  is  imposed  on  all  antennas. 
Stated  in  another  way,  should  all  six  antennas  be  made  to  have  the  same 
volume,  the  antenna  with  smallest  5  would  have  the  largest  retardation 
time  from  one  radiation  cell  to  another.  Of  course,  the  frequencies 
involved  would  have  to  be  the  same  for  a  meaningful  discussion.  Therefore, 
by  assuming  the  same  volume  and  the  same  bandwidth,  antenna  ASN-1232A 
would  require  the  smallest  antenna  volume,  if  a  given  BT  product  is 
required  of  all  the  six  antennas. 

The  antenna  APN-502A  has  the  largest  6  =  0.195  which  indicates  that 
each  of  its  radiation  cells  has  about  20  percent  bandwidth.  In  terms  of 
CW  operations,  this  antenna  is  a  very  good  antenna  for  generally  required 
broadband  CW  operations.  However,  for  pulse  compression  operation,  this 
antenna  is  considered  to  be  the  poorest,  because  each  radiation  cell  would 
be  driven  and  radiating  with  the  highest  intensity  among  all  the  six 
antennas.  In  other  words,  this  antenna  has  the  smallest  duration  and 
would  require  the  largest  bandwidth  for  a  specified  BT  product. 
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4.  ELEMENTAL  MODE,1.  FOR  gilADRAT I C-PHASED  ANTENNAS 


That  no  quadratic-phased  antenna  is  known  to  exist  has  made  any  extensive 
discussion  on  this  antenna  type  less  meaningful.  Nevertheless,  certain 
analytical  treatments  are  possible  and  they  are  shown  in  Appendix  D. 

A  simple  model  for  this  antenna  is  to  assume  that  there  would  be  N 
radiation  cells,  each  of  which  has  the  same  elemental  bandwidth  b  such  that 

Nb  =  B  (Eq.  IV-7) 

where  B  is  the  total  operational  bandwidth.  A  study  on  the  feasibility 
of  making  this  type  of  antenna  an  effective  radiator  is  beyond  the  scope 
of  the  present  program.  The  overall  duration  of  the  type  of  dispersive 
antenna  has  been  obtained  as 

v 

T  =  1/b  (Eq.  IV-8) 

Therefore,  the  BT  product  of  this  antenna  is  N  which  is  used  in  connection 
with  estimating  the  overall  compression  gain  of  volumetric  antennas  in 
Section  VII. 
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SECTION  V 


PRACTICAL  AND  THEORETICAL  MAXIMUM  BANDWI DTH-TIME 
PRODUCTS  OF  LOG-PERIODIC  ANTENNAS 


1.  INTRODUCTION 


Theoretically,  the  bandwidth-t ime  (BT)  product  of  an  antenna  can 
be  indefinitely  increased  by  increasing  either  the  bandwidth  (B)  or  the 
duration  (T)  or  both.  For  instance,  antenna  structures  may  be  fabricated 
to  radiate  frequencies  of  30  GHz  or  higher.  But  the  structures  would  be 
required  to  have  very  fine,  high  precision  elements  and  would  eventually 
reach  the  limits  of  practicality  for  any  given  application.  These  limits 
will  include  such  things  as  desired  power  handling  capability  and  the 
availability  of  oscillators  with  the  desired  output  characteristics. 

In  an  effort  to  conduct  meaningful  maximum  BT  product  evaluation, 
certain  arbitrary  constraints  on  antenna  power  handling  capacity  and  size 
are  imposed.  The  following  section  presents  realistic  estimates  of 
achievable  BT  products,  maximized  according  to  these  constraints,  for 
three  antennas:  the  conical  log-spiral,  the  log-periodic  dipole  array, 
and  the  cavity-backed  spiral.  The  details  of  this  analysis,  which  relates 
the  BT  product  to  antenna  parameters  are  given  in  Appendix  H. 

Following  this,  the  analytical  expression  for  the  BT  product  of  a 
conical  spiral  antenna  is  examined  numerically  and  in  the  asymptotic 
limit  in  order  to  demonstrate  the  effects  of  varying  antenna  parameters. 
These  results  follow  from  an  analysis  given  in  Appendix  G. 

2.  MAXIMUM  BT  PRODUCTS  OF  PRACTICAL  ANTENNAS 


Since  there  are  no  analytical  limitations  on  the  bandwidth  of  log- 
periodic  antennas,  the  BT  product  of  an  antenna  must  be  determined  on 
the  basis  of  practically  realizable  considerations.  It  will  be  assumed 
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that  the  smallest  feed  cable  needed  for  a  practical  antenna  to  accept  a 
reasonable  amount  of  input  power  is  one  that  has  an  outside  diameter  of 
0.358  cm  (.141  inch).  Such  a  cable  would  typically  be  capable  of 
delivering  an  average  power  ranging  from  100  watts  at  15  GHz  to  about 
3000  watts  at  50  MHz  into  a  50  ohm  antenna.  The  feed  cable  diameter 
determines  the  highest  operating  frequency.  The  diameter  of  the  first 
or  highest  frequency  active  region  should  be  several  times  larger  than  the 
feed  cable  diameter  for  a  well-defined  radiation.  To  be  more  specific, 
maximum  allowable  antenna  dimensions  have  been  set  as  follows: 

(1)  Maximum  Allowed  Axial  Length  =  4  meters 

(2)  Maximum  Allowed  Transverse  Dimension 

(Aperture  Diameter)  =  2  meters 

Under  these  constraints,  Appendix  H  shows  that  practical  antenna  band¬ 
width  becomes  approximately 

B  »  (15  GHz  -  75  MHz)  =  14.93  GHz 

a  value  which  fluctuates  very  little  among  the  three  antenna  types. 
Duration  .or  time  dispersion  is  determined  fundamentally  by  the  amount  of 
time  the  feed  current  takes  to  traverse  the  antenna  structure.  In  general 
maximum  T  requires  maximizing  the  lengths  of  current  paths  along  radiating 
elements  relative  to  the  overall  geometrical  antenna  dimensions.  This  is 
equivalent  to  making  the  number  of  active  regions  in  a  given  antenna 
volume  as  large  as  possible. 

Figures  V-l,  V-2,  and  V-3  show  the  maximum  BT  products  for  practical 
field  compression  antennas  of  the  conical  spiral,  log-periodic  dipole 
array,  and  cavity-backed  spiral  type,  respectively.  It  is  seen  that 
there  is  relatively  little  variation  in  the  BT  products  of  all  three  types 
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Figure  V-2.  Design  Parameters  of  a  Log-Periodic  Dipole  Array  Antenna 
Having  Maximum  Practical  BT  Product  for  an  Occupied 
Volume  of  4  Cubic  Meters:  BT  =  2126 
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(1)  Conical  Spiral  Antenna:  BT  =  2537 


(2)  Log-Periodic  Dipole  Array:  BT  =  2126 

(3)  Cavity-Backed  Spiral:  BT  =  2453 

Also,  all  three  antennas  occupy  essentially  the  same  geometrical  volume, 

(i.e.,  about  4  cubic  meters).  It  may  be  concluded  that,  when  normalized 
to  the  same  unit  volume,  all  log-periodic  antennas  give  approximately  the  same 
maximum  BT  products. 

3.  THEORETICAL  BD  PRODUCT  LIMITS 

By  all  owing  certain  antenna  parameters  to  vary,  the  BT  product  can 
approach  any  desired  value.  This  can  be  demonstrated  using  the  theoretical 
expression  for  the  BT  product  of  a  conical  spiral  antenna  as  derived  in 
Appendix  H.  In  terms  of  antenna  parameters 


(Eq.  V-l) 

This  product  depends,  in  general,  upon  four  independent  parameters: 

(1)  =  The  cone  radius  at  the  highest  frequency  active  region. 

(2)  L  =  Allowed  axial  length  of  the  conical  antenna. 
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(3)  0Q  =  The  half-cone  angle. 

(1*)  a  =  The  spiral  wrap  rate  angle. 

The  number  of  independent  variables  can  be  reduced  as  follows.  Let 
the  maximum  antenna  aperture  be  fixed,  this  determines  A^.  The  axial 
length  L  may  then  be  expressed  as  a  function  of  and  6q 

L(V  9o>  -  <E«-  v-2> 

o 

Consequently,  the  number  of  independent  variables  has  been  reduced  to  three: 
A^,  0q  and  a.  Under  the  assumption  that  A^  is  also  fixed  by  the  size  of 
the  input  cable  driving  the  highest  frequency  active  region,  then 

L  tan  Gq  =  A^  -  =  constant  (Eq.  V-3) 

In  this  case,  the  BT  product  depends  only  on  the  half-cone  angle  and  on 
the  wrap  rate  angle  of  the  antenna.  The  BT  product  has  been  numerically 

evaluated  in  this  case  for  half-cone  angles  ranging  from  0q  =  40°  to 

0q  =  O.Ol67°and  for  wrap  rate  angles  from  a  =  60°  to  a  =  89.9833°.  The 
results  are  shown  as  two  sets  of  parametric  curves  in  Figure  V-4; 

BT  =  BT  (0q)  for  various  a  (Eq.  V-4) 

and 

BT  =  BT  (a)  for  various  0q  (Eq.  V-5) 

In  all  cases,  A.  =  1  meter  and  A,  =  .00284  meters.  For  the  set  of  curves 

Jc  n 

described  by  Equation  V-4,  the  BT  products  approach  infinity  asymptoti¬ 
cally  as  0q  -*•  0  .  For  any  given  a,  the  axial  le.igth  of  the  antenna  also 

approaches  infinity  as  0q  -*  0°.  On  the  other  hand,  the  curves  following 
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Figure  V-4.  Parametric  Curves  for  BT  Versus  0  and  BT  Versus  a 

for  Ah  =  .00284  Meters  and  =  1°  Meter  for  a  Conical 
Spiral  Antenna 


Equation  V-5  show  that  L  is  a  constant  along  one  curve.  All  curves  also 
approach  infinite  BT  product  asymptotically  as  a  -*■  90°. 

These  curves  demonstrate  clearly  that  the  BT  product  increases  as  0q 
becomes  smaller  and  a  becomes  larger.  As  the  cone  angle  decreases  and 
the  spiral  turns  become  closer  together  on  the  cone,  the  BT  product  increases. 

Consider  the  BT  versus  a  curve  for  Gq  =  14°  which  corresponds  to  the 
antenna  design  given  in  Figure  V-l.  Along  this  curve,  L  =  4  meters  and  the 
bandwidth  is  essentially  constant  (as  seen  by  examining  Equation  H-66) .  At 
a  =  85°  the  BT  product  is  2537  as  given  in  Table  V-l.  This  product  is 
doubled,  BT  =  5074,  when  a  =  88°  -  a  change  of  only  3°  in  the  wrap  rate. 

Since  the  bandwidth  remains  constant,  it  is  observed  that  the  duration 
has  doubled.  This  is  directly  related  to  the  fact  that  the  length  of 
spiral  conductor  has  doubled.  An  important  point  to  realize  here  is  the 
that  bandwidth  and  duration  do  not  need  to  change  in  proportion  to  each 
other. 

It  is  shown  in  Figure  V-5  that  the  BT  product  increases  linearly  as 

the  antenna  volume  increases  whenever  the  wrap  rate  ct  is  constant  and  A. 

h 

and  A^  are  fixed.  Since  each  complete  spiral  turn  constitutes  one  active 
radiation  cell  of  the  antenna  and  since  the  number  of  spiral  turns  increases 
as  a  becomes  larger  for  a  given  volume,  then  it  is  clear  that  a  is  propor¬ 
tional  to  the  radiation  cell  density.  Therefore,  there  are  two  basic  ways 
of  increasing  BT  products:  (1)  by  increasing  the  occupied  antenna  volume 
while  keeping  the  radiation  cell  density  constant;  or  (2)  by  maintaining 
constant  antenna  volume  and  increasing  the  radiation  cell  density  (e.g., 
increasing  a).  The  family  of  curves  for  BT  versus  6q  for  various  a  in 
Figure  V-l  may  be  interpreted  in  terms  of  (1),  where  as  BT  versus  a  curves 
for  various  0q  represent  method  (2).  In  order  to  realize  the  maximum  BT 
product,  the  antenna  designer  would  make  the  antennn  volume  as  large  as 
possible  and  then  increase  the  radiation  cell  density  within  this  volume  to 


V-9 


BANDWIDTH-TIME  PRODUCT  (l 


TABLE  V-1 


BANDWIDTH-TIME  PRODUCTS  FOR  CONICAL  SPIRAL 
ANTENNAS  OF  VARIOUS  LENGTHS  HAVING  FIXED  TRUNCATED 
CONE  DIAMETERS:  Ah  =  0.00284  METER  AND  A^  •  1  METER 


h 
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n 

X 
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a 
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the  maximum  achievable  value  subject  to  power-handling  constraints.  These 
conclusions  are  general  and  apply  to  all  log-periodic  antennas. 

A  tabulation  of  maximum  BT  products  for  conical  spiral  antennas 
which  all  have  the  same  truncated  cone  radii  is  presented  in  Table  V-l. 

In  order  to  analytically  establish  the  limit  of  the  BT  product, 

a  convenient  asymptotic  expression  is  derived  in  Appendix  G>  By  allowing 

the  limiting  case  of  small  0  and  large  a,  that  is,  in  the  limit 

o 

0  <  p  <  <  1  wi th 


(Eq.  V-6) 


0  = 
o 


P  > 


(Eq.  V- 7) 


Equation  V-l  reduces  to 


(Eq.  V-8) 


There  are  two  subcases  of  Equation  V-8  because  p  <  <  1  does  exclude 

either  p  <  <  A./L  or  p  >  >  A./L.  These  are 
h  h 


and 


BT(V  L>  -fc  fe) ■  » 

(Eq.  V-9) 

(Eq.  V-10) 
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These  limiting  cases  show  clearly  that,  theoretically,  BT  can  be  as  large 
as  desired.  However,  for  a  given  set  of  finite  design  parameters  (6,  A^,  L) , 
there  will  always  be  a  definite  upper  limit  on  BT .  Two  examples  that  give 
the  maximum  BT  products  for  various  p  are  included  in  Table  V-l.  The 
asymptotic  expressions  Equations  V-9  and  V-10,  have  limited  usefulness,  in 
practice,  because  there  will  likely  always  be  a  constraint  on  the  allowed 
antenna  volume.  Since  0o  should  always  be  maximized  to  these  dimensions  in 
order  to  maximize  both  bandwidth  and  duration,  and  since  o  should  always  be 
made  as  large  as  possible  regardless  of  volume,  then  invariably  these  two 
angles  will  approach  limiting  values  other  than  would  be  characterized  by 
Equation  V-6  and  V- 7.  The  importance  of  Equations  V-9  and  V-10  is  that  they 
demonstrate,  in  a  simple  way,  the  manner  in  which  the  BT  product  approaches 
infinity  for  various  cases  and  may  be  useful  in  subsequent  theoretical  studies. 

4.  LIMIT  OF  BT  PRODUCT  -  ANOTHER  VIEW 


In  addition  to  arriving  at  BT  product  limits  through  geometrical 
parameters,  analytical  models  based  upon  electrical  parameters  can  also 
be  used  to  establish  BT  product  limits.  The  electrical  parameters  needed 
for  establishing  BT  products  are  the  number  N  of  total  radiation  cells  in  a 
dispersive  antenna  and  the  effective  fractional  bandwidth  6  of  each  cell. 
These  two  parameters  are  defined  analytically  in  Appendix  D.  The  expressions 
for  BT  products  in  terms  of  these  two  parameters  are  given  in  Equations  VI 1-5 
through  VI 1-10. 

Essentially,  the  BT  products  can  be  obtained  independently  without 
stating  antenna  size  by  specifying  the  number  of  radiation  cells  to  be 
built  into  a  specified  volume.  A  family  of  BT  curves  is  plotted  in  Figure 
VI 1-7  with  pertinent  discussions.  These  curves  are  consistent  with  the 
results  arrived  at  in  the  last  section  using  geometrical  parameters.  This 
fact  is  discussed  in  Section  VII  by  introducing  c  practically  achievable 
elemental  bandwidth  6  =  0.1. 
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SECTION  VI 


NEAR  FIELD  COMPRESSION  AND 
POWER  HANDLING  CAPACITY  OF  ANTENNAS 

1.  INTRODUCTORY  COMMENTS 


It  has  been  recognized  that  the  near-field  regions  of  antennas 
deserve  special  consideration  as  a  result  of  potential  high  field  strengths 
produced  there  by  field  compression.  It  is  possible  for  peak  field 
strengths  in  the  near-field  to  exceed  the  dielectric  breakdown  strength 
of  air.  Potentially,  such  a  situation  could  lead  to  quenching  of  the 
compressed  field  and  preventing  radiation  from  antennas.  The  present 
analysis  demonstrates  the  mechanism  of  near-field  compression  and  suggests 
means  for  avoiding  this  problem. 

In  order  to  set  limits  on  the  peak  amplitude  of  compressed  fields 
in  the  near-field,  two  analytical  antenna  models  have  been  used.  As 
described  in  Appendix  f,  these  include  a  dipole  array  and  a  cavity-backed 
spiral.  Inherently,  most  of  the  longitudinal  antenna  structures  designed 
to  radiate  in  the  backward  direction,  such  as  typified  by  the  dipole 
array,  maximum  field  compression  occurs  at  the  feed  point.  This  is  so 
because  the  longitudinal  time  delays  tend  to  produce  a  field  maximum 
right  on  the  end  of  the  antenna.  On  the  other  hand,  a  broadside  radiating 
structure,  such  as  a  cavity-backed  spiral,  will  produce  a  peak  amplitude 
at  a  point  some  distance  away  from  the  aperture  plane.  Pertinent  numeri¬ 
cal  results  are  to  be  given  here  for  the  purpose  of  quantitatively  com¬ 
paring  the  near-field  behaviors  of  these  two  types  of  antennas. 

A  useful  curve  relating  the  maximum  allowable  field  strength  as  a 
function  of  compressed-pulse  duration  will  also  be  given  to  establish  an 
important  conclusion.  That  is,  the  power-handling  capacities  of  existing 
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antennas  will  be  exceeded  before  compressed-field  intensities  could 
exceed  the  air-breakdown  level. 

2.  PEAK  AMPLITUDE  VARIATION  IN  THE  NEAR  FIELD 

Two  analytical  antenna  models  have  been  used  to  establish  upper  and 
lower  bounds  on  both  the  magnitude  and  location  of  near-field  compressed 
pulse  values. 

Upper  bounds  have  been  established  using  a  dipole  array  model 

(Appendix  J)  to  approximate  the  radiation  characteristics  of  a  log-periodic 

antenna.  However,  in  this  model  the  phase  centers  of  radiating  elements 

are  all  located  at  the  feed  point  which, of  course  forces  peak  compression 

to  also  occur  there.  For  this  reason  the  resulting  near-field  amplitude 

variation  is  considered  representative  of  t he  worst  case  to  be  expected 

for  antennas  radiating  with  longitudinal  time  delays.  The  model  is 

designed  to  radiate  over  a  bandwidth  of  0.2  GHz  to  10.2  GHz,  with  a 

maximum  aperture  of  D  =  A/2  at  0.2  GHz.  Using  the  far-zone  criterion 
2 

20  /A,  the  minimum  far-field  distance  is  0.75  meters.  Field  compression 
as  a  function  of  both  time  and  distance  is  shown  in  Figure  Vl-l  for  dis¬ 
tances  of  1.5  cm  to  9.5  cm  from  the  antenna.  The  compressed  pulse  ampli¬ 
tudes  tend  to  increase  exponentially  toward  the  antenna,  the  total  voltage 
swing  at  1.5  cm  being  1300  kV/m.  The  pulse  duration  also  increases  as 
the  aperture  plane  is  approached.  This  extreme  buildup  in  amplitude  and 
duration  results  from  the  coincidence  of  all  phase  centers  of  radiating 
elements  in  the  present  antenna  model,  and  Is  thus  to  be  treated  as  the 
worst  possible  case.  Since  no  other  arrangement  can  be  made  to  produce 
higher  near-field  level,  the  curves  in  Figure  Vl-l  can  be  used  as  the 
upper  bounds  on  near-field  compression  maxima. 

An  analytical  model  approximating  the  transver3e  delay  characteristics 
of  a  cavity-backed  spiral  antenna  has  been  used  in  Appendix  1  to  establish 
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a  lower  bound  on  peak  compressed  field  variation  in  the  near  field. 

This  model  is  designed  to  operate  over  the  same  bandwidth  of  0.2  GHz  to 
10.2  GHz  and  has  a  total  of  37  active  regions  displaced  log-periodical ly 
across  the  aperture  plane.  Time  delay  is  therefore  in  a  plane  transverse 
to  the  radiation  direction.  The  effect  of  choosing  the  transverse  dis¬ 
persion  on  both  spectral  amplitude  and  phase  angle  of  the  compressed 
pulse  is  shown  in  Figure  VI-2.  As  the  on-axis  field  point  moves  closer 
to  the  aperture  plane,  the  weighting  of  spectral  amplitude  shifts  toward 
higher  frequencies.  In  the  limit  of  approaching  toward  aperture  plane 
the  only  field  contribution  would  be  that  of  the  applied  voltage  across 
the  antenna  feed  terminal.  As  the  near-field  distance  decreases,  less 
and  less  contribution  would  be  received  from  the  low-frequency  radiation 
cells.  As  a  result,  the  time-domain  compressed  pulse  amplitude  will  also 
decrease.  The  near-field  variation  of  the  compressed  pulse  amplitudes 
and  durations  are  shown  in  Figure  VI-3.  As  the  field  is  sampled  along 
radiation  distance  the  peak  amplitude  starts  at  a  relatively  low  level, 
increases  to  a  maximum  at  about  3.5  cm,  and  then  begins  to  fall  off  as 
1/R  as  the  far-field  zone  is  reached.  The  most  significant  result  of 
the  broadside  array  is  that  its  near-zone  compressed  pulses  (Figure  VI-3) 
do  not  increase  exponentially  toward  the  aperture  center  as  those  shown 
in  Figure  VI-1  for  coincident-phase-center  compression.  To  give  an  easier 
comparison,  Figure  V I  —  ^  summarizes  the  peak  values  of  the  two  compressions. 
At  the  distance  of  10  cm,  the  two  compressed  peak  values  are  about  equal. 
This  is  not  surprising  because  the  same  operating  bandwidth  is  used  for 
both  antennas.  For  other  distances  beyond  10  cm,  the  peak  values  decrease 
approximately  in  inverse  proportion  with  the  distances. 

3.  ALLOWABLE  PEAK  COMPRESSED  FIELD  AMPLITUDE 


Using  Figure  VI-4  as  a  basis,  it  is  seen  that  for  log-periodic 
antennas  having  10  GHz  bandwidth,  the  near-field  compression  amplitude 
may  approach  1  MV/m.  For  antennas  possessing  a  larger  bandwidth  or 
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Compressed  Pulse  Peaks  as  Functions 
of  Radiation  Distance  r(cm) 

radiating  with  a  higher  current  it  is  possible  for  peak  compressed  fields 
to  exceed  the  dielectric  breakdown  strength  of  air,  3  megavolts/meter. 

Such  a  situation  could  lead  to  quenching  of  the  compressed  field,  but 
these  processes  do  not  occur  spontaneously.  It  is  discussed  in  Appendix 
J  that  even  when  an  overvoltage  condition  exists  as  a  result  of  field 
compression,  no  breakdown  will  occur  provided  the  compressed  pulse  width 

is  less  than  its  breakdown  lag  time.  This  is  the  time  between  the  onset 

of  electron  avalanche  and  that  point  at  which  the  process  will  not  quench, 

that  is,  it  is  the  minimum  time  necessary  for  breakdown  to  occur.  Figure 

VI-5  shows  the  variation  in  breakdown  times  for  field  strengths  larger 
than  the  static  breakdown  strength  of  air.  As  an  illustration  of  the 
use  of  this  curve,  assume  a  field  has  been  compressed  to  a  duration  of 
0.1  ns.  The  maximum  compressed  pulse  that  can  be  ’d'ated  without  causing 
breakdown  is  that  whose  breakdown  lag  time  just  equals  0.1  ns,  or  about 
18  megavolts/meter.  Table  VI-1  provides  some  data  on  allowable  pulse 
durations  for  various  field  strengths  above  the  static  air  breakdown. 

For  example,  the  practical  design  examples  of  Section  V  have  a  bandwidth 
of  about  15  GHz.  If  a  uniform  distribution  is  assumed,  their  far-zone 
compressed  pulse  would  have  a  pulse  width  of  about  133  picoseconds.  From 
Table  VI-1,  the  possible  breakdown  field  strength  for  a  pulse  duration 
of  133  ps  would  be  about  17  MV/m.  For  a  design  bandwidth  of  10  GHz  with 
uniform  distribution,  the  compressed-pulse  duration  in  the  far  zone  would 
be  about  200  ps,  and  the  possible  air  breakdown  would  take  place  if  the 
electric  field  strength  is  15  MV/m  or  larger.  The  two  examples  shown  in 
Figures  Vl-I  and  VI-3  are  computed  using  a  10  GHz  bandwidth  with  Hamming's 
weighting.  Therefore,  the  compressed  pulse  width  is  about  400  ps  which 
would  require  a  field  strength  of  13  MV/m  or  larger  to  cause  air  break¬ 
down.  The  next  section  gives  some  examples  on  finding  antenna  currents 
when  a  field  intensity  is  specified. 
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When  Field  Strengths  Exceed  the  Dielectric  Strength  of  Air  at 
Pressure;  a  Minimum  Time  is  Required  Before  Breakdown  Occurs 


TABLE  V  I - 1 


MAXIMUM  ALLOWED  COMPRESSED  PULSE  DURATIONS 
FOR  VARIOUS  FIELD  STRENGTHS 


ELECTRIC  FIELD  STRENGTH 

(MV/m) 

MAXIMUM  ALLOWED  COMPRESSED 

PULSE  DURATION 

(ns) 

49 

.02 

34 

.04 

26 

.06 

22 

.08 

18 

.1 

15 

.2 

13 

.4 

11 

.6 

9.8 

1 

7.6 

2 

6.3 

3 

5.5 

4 

5.1 

5 

3.8 

30 

3  (dc  AIR  BREAKDOWN) 

«o 
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1*.  ESTIMATES  OF  ANTENNA  CURRENTS 


Suppose  log-periodic  antennas  are  operating  over  a  10  GHz  bandwidth 

with  uniform  distribution.  The  two  examples  given  in  Figures  V I  —  1  and 

-8 

VI-3  are  obtained  by  assuming  the  spectral  current  density  of  10  Amp/Hz 
as  specified  in  Appendix  |.  Since  the  widest  elemental  bandwidth  f  fi 
takes  place  in  the  highest-frequency  radiation  cell,  the  largest  current 
is  expected  in  the  highest-frequency  element  of  log-periodic  antennas. 
Consider  6  =  0.1  as  an  example,  the  current  flowing  in  the  first  radiating 
element  can  be  calculated  as 

I,  =  (f]06)  x  10‘8 

=  (9.1  x  109  x  0.1)  x  10'8  =  9.1  Amperes 

where  f^  is  the  center  frequency  of  the  highest  frequency  element.  This 
current  means  that  the  element  would  have  to  be  able  to  handle  an  amount 
of  average  power 


P|  -  4- 1,2  r  =  4-  i,2(70) 

3 

=  2.*f  x  10  watts 

where  R 
antenna 
current 

I,  =  (f|06)  x  I0"8 

L  _fl 

=  (13.6  x  (0  x  0.’)  x  10  ■  13.6  Amperes 


is  taken  equ^l  ro  70  Ohms  as  the  radiation  resistance  of  the 
element.  Derating  bandwidth  is  increased  to  15  GHz,  the 

in  the  f  nv  nt  with  6  =  0.1  is 
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and  the  average  power  needed  to  be  handled  by  this  element  is 


p|-t'|2r4ii2w» 

3 

=  6.5  x  10  watts 

The  above  two  power  requirements  are  listed  in  the  last  columns  of  Table 
VI-2.  For  Hamming's  weighting  instead  of  uniform  distribution,  the  highest 
frequency  radiation  cell  has  a  distribution  (see  Figure  C-2  for  example) 
about  0.1  of  the  maximum  spectral  density.  Therefore,  the  power  require¬ 
ments  would  be  reduced  by  a  factor  of  100.  This  factor  is  very  signifi¬ 
cant  in  that  a  given  log-periodic  antenna  with  a  uniform  spectral  distri¬ 
bution  can  be  adjusted  for  its  power-handling  capability  by  changing 
spectral  distribution  for  its  compressed  pulse.  While  power  level  in  the 
highest-frequency  radiation  is  reduced  by  a  factor  of  100,  the  near-field 
peak  would  be  reduced  by  a  factor  of  about  10,  and  the  far-field  compressed 
peak  would  be  reduced  by  a  factor  of  only  2.  Therefore,  as  far  as  log- 
periodic  antennas  are  concerned,  the  limit  of  power-handling  would  be 
determined  by  the  highest-frequency  radiation  cell,  and  a  reduction  of 
20  dB  in  its  power  would  mean  0.1  reduction  in  its  near-field  compression 
and  only  0.5  reduction  in  the  compressed  far  fields. 

5.  POWER  LIMIT  AND  FIELD  LIMIT 

Ultimate  feasibility  of  field  compression  concepts  appear  to  have  a 
limit  imposed  by  either  maximum  allowable  field  strength  in  the  air  or 
the  maximum  allowable  power  in  the  antenna.  The  former  limitation  has 
been  established  by  upper  and  lower  bounds  of  two  antenna  models.  The 
later  limitation  is  to  be  imposed  by  antenna  design  details  for  which  no 
complete  information  is  currently  available,  although  the  6.5  kW  for  15 
GHz  in  Table  VI-2  appears  to  be  far  beyond  common  specifications.  A 
combined  application  of  Tables  VI-1  and  VI-2,  together  with  the 
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TABLE  Vi -2 

PEAK.  COMPRESSED  FIELDS  AND  AVERAGE  POWERS  FOR  THE  FIRST  RADIATION  CELL  OF  TWO 
LOG-PERIODIC  ANTENNA  MODELS  OPERATED  WITH  TWO  BANDWIDTHS 
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upper-bound  near-zone  compression  in  Figure  VI -3,  gives  no  combination 
of  near-zone  field  peak  and  duration  that  would  exceed  air  breakdown. 
Therefore,  it  is  reasonable  to  conclude  that,  according  to  current 
technology,  the  limit  of  pulse  compression  by  a  single  log-pcriodic 
antenna  would  be  limited  by  its  power-handling  capacity  before  air 
breakdown  would  take  place.  To  overcome  this  limitation  is  to  employ  an 
array  of  log-periodic  antennas  as  discussed  in  the  next  section. 
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SECTION  VI  I 


GAIN  OF  FIELD-COHPRESSION  RADIATION 


Intensification  of  a  radiated  field  by  an  antenna  is  considered  here  as 
compression  gain.  Two  types  of  field  compressions  may  be  better  known  as 
the  directivity  gain  of  a  conventional  antenna  or  array  under  monochromatic 
radiation,  and  the  pulse-width  compression  gain  of  a  dispersive  broadband 
antenna. 

Spatial  angle-compression  of  planar  antennas  or  arrays  will  be  briefly 
discussed  first  to  provide  certain  relationships  concerning  ultimate  gain 
of  a  dispersive  antenna  array.  Dispersive  antennas  are  defined  as  those 
capable  of  radiating  over  large  bandwidths  with  an  orderly  sequence  of 
subbandwi dths .  These  antennas  can  compress  the  radiated  pulse  width  along 
the  direction  of  propagation  and  are  called  temporal  field  compression 
antennas . 

The  objective  of  formulating  the  gain  of  a  field-compression  radiator 
is  to  obtain  simple  expressions  by  which  both  spatial  and  temporal  field 
compressions  can  be  properly  evaluated.  A  simple  concept  of  a  radiation 
cell  will  be  first  defined  to  facilitate  the  formulation.  Various  aspects 
of  compression  gains  are  then  developed  to  lead  to  the  evaluation  of 
maximum  possible  compression  gain  for  an  antenna  occupying  a  specified 
vo 1 ume . 

1.'  RADIATION  CELL 


Fundamental  radiation  sources  are  known  to  be  either  electric  dipole 
or  magnetic  dipole.  Both  of  them  can  be  made  into  efficient  radiators 
when  their  linear  dimensions  are  on  the  order  of  one-half  wavelength.  Their 
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.joins  are  approximately  tt/2  when  defined  as  the  increase  in  the  maximum 
pT-er  density  over  a  fictitious  omnidirectional  radiator. 

For  most  operational  radiators  such  as  lop-periodic  antennas  or  an 
e'ectric  dipole  placed  one-quarter  wavelenqth  above  a  larqe  qround  plane,  the 
directivity  gains  are  further  increased  to  about  2tt  or  more  as  discussed 
in  Appendix  A. 

A  radiation  cell  is  defined  for  field-compression  purposes  as  the 
furdamental  radiation  volume  which  can  radiate  effectively  over  an  operating 
baidwidth.  Practical  designs  have  many  variations  that  can  cover  the 
operating  bandwidth  from  a  few  percent  to  more  than  100  percent  of  the 
operating  center  frequency.  For  log-periodic  antennas,  the  fractional 
bandwidth  is  typically  from  3  percent  to  30  percent  of  the  operating 
center  frequency.  The  smallest  volume  of  an  effective  radiation  cell  is 
aoproximately  (A/2)3  where  X  is  the  operating  wavelength  of  the  radiator. 

A  practical  radiation  cell  radiates  a  power-density  pattern  of  an 
ai-proximately  cardioi c-shape  which  is  symmetric  around  the  axis  of 
radiation.  This  type  of  radiation  cell  has  an  approximate  directivity 
ga  n  as 


D  =  n  (**itA/A2)  (4ttL/X)  (Eq.  VI  1-1) 

=  TT2/ JT  =  7 

2  3 

wnare  the  value  is  obtained  by  assuming  L  «*  A/2,  A  =  (A/2)  and  q  =  (V*^- )  . 
That  is,  if  the  radiation  cell  is  a  cube  of  one -ha If  wavelength  on  its  side 
and  the  excitation  current  is  cosinusoidal ly  distributed  to  have  an  average 
value  of  0.707  peak  value,  the  directivity  gain  would  be  equal  to  1  which 
is  approximately  the  value  of  most  log-periodic  antennas.  It  is  quite 
natural  to  note  that  practical  antenna  gains  vary  around  this  value, 
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Decause  no  perfectly  balanced  electromagnetic  radiations  can  be  achieved  in 
actual  designs. 

2.  SPATIAL  ANGLE-COMPRESSION  GAIN 

Practical  planar  arrays  consist  of  one  layer  of  radiation  cells  in 
the  transverse  extent  (i.e.,  in  the  plane  perpendicular  to  the  direction  of 
radiation).  If  there  are  M  radiation  cells  in  a  planar  array,  the  directive 
gain  of  the  array  is 


T  -  7M  -  Mtt2/^“  (Eq.  VI  1-2) 

where  the  gain  of  each  cell  is  assumed  equal  to  7  as  evaluated  in  Equation 
Vll-l,  It  is  also  assumed  here  that  all  the  radiation  cells  are  identical 
and  are  driven  by  equal  amount  of  power. 

For  a  very  large  array  of  radiation  cells,  the  array's  directive  gain 
is  also  well  known  by  the  formula 

T  =  Ait  (Array  Area)/*2  (Eq.  VI  1-3) 

=  Att  (MA)/A2 

=  Mu2/  Jl~ 


where  the  last  expression  is  given  by  use  of  Equation  Vll-l,  and  the  value 
of  A  is  to  be  interpreted  as  the  projected  area  of  a  radiation  cell. 

Assuming  that  all  radiation  cells  are  identical  and  uniformly  distributed, 
the  projected  area  is  solved  as 

A/*2  =  tt/A/T  (Eq.  VI  I  -A) 


X 


for  the  radiation  cells.  This  value  is  in  general  agreement  with  most 

practical  planar  arrays  under  monochromatic  operations.  It  is  noted, 
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however,  that  there  are  many  choices  on  the  effective  radiation-cell  area. 

If  the  area  is  larger  than  the  above  value,  there  may  exist  grating  lobes 
and  such  an  array  would  be  desirable.  If  on  the  other  hand,  the 
radiation  cell  is  made  to  occupy  less  area  than  the  above  value,  the 
feeder  network  would  encounter  excessive  reactance,  and  render  the  array 
coeration  ineffective.  Therefore,  with  minor  changes  in  design,  the 
e-fective  area  of  a  radiation  cell  for  field-compression  applications 
should  be  designed  in  the  neighborhood  of  the  value  given  in  Equation  VI 1-4. 

3,.  TEMPORAL  WIDTH-COMPRESSION  GAIN 

If  radiation  cells  are  arrayed  in  the  longitudinal  direction  along 
which  radiation  is  to  take  place,  there  would  be  certain  limitations  on 
possible  spatial  compression  under  CW  operation.  A  simple-minded 
arraying  with  a  single  frequency  would,  in  fact,  prevent  the  array  from 
radiation.  While  spatial  modulation  on  array  structure  can  be  made  to 
achieve  a  directive  gain  in  proportion  to  array  length,  this  type  of 
'line-source"  radiation  will  be  excluded  from  further  considerations. 

Instead  of  the  monochromatic  operation,  radiation  cells  of  various 
frequencies  across  a  wide  bandwidth  can  be  designed  to  form  a  longitudinal 
array.  A  log-periodic  dipole  array  is  a  practical  example  for  this  type 
of  array.  Since  all  cells  are  radiating  with  essentially  the  same 
directivity,  and  the  gain  in  radiated  power  density  is  achieved  by  a 
conjugate-matched  filter  concept,  this  type  of  field  intensification  results 
in  compressing  the  radiated  pulse  width  and  is  called  the  temporal  field 
comp res si on . 

Temporal  field  compression  gain  is  expressed  as  the  product  of  total 
spectral  bandwidth  (8)  and  the  dispersed  pulse  duration  (T) .  The  BT  product 
varies  depending  on  dispersive  characteristics  of  the  antenna.  Both 
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quadratic-phased  and  log-periodic  dispersions  are  treated  in  Appendix  D  By 
assuming  a  quadratic-phased  dispersion  array  has  an  identical  bandwidth  for 
all  its  radiation  cells,  the  total  bandwidth  of  this  antenna  is  simply 
the  product  of  elemental  bandwidth  b  and  the  number  of  radiation  cells  N. 

The  duration  for  dispersed  pulse  is  equal  to  the  Inverse  of  elemental  band¬ 
width  (i.e.,  1/b).  The  BT  product  for  this  quadratic-phase  antenna  has  a 
simple  expression. 


BT  =  (Nb)  (1/b)  =  N  (Eq.  VI 1-5) 

indicating  in  direct  proportion  to  the  number  of  radiation  cells  of  the 
antenna . 


The  bandwidth  of  a  log-periodic  antenna  can  be  obtained  by  adding  all 
the  elemental  bandwidths  of  radiation  regions  (Appendix  D)  as 

N 

B  -  V.  f  5  (Eq.  VI 1-6) 

no 


n=  1 


f  6(1+5) 
no 


N-l 


N 

£ 

n=l 


(1+6) 


r.-l 


where  f  are  the  central  frequencies  of  elemental  radiation  region,  a  is 
no 

the  fractional  bandwidth  of  each  region,  and  f  is  the  lowest  central 

3  no 

frequency  of  the  antenna.  These  parameters  are  discussed  in  Appendix  D 
which  also  gives  the  dispersed-pulse  duration  as 


T  =  l/2f  Jin  (1+6) 
no 

Making  use  of  the  above  two  equations  gives  the  BT  product 


(Eq.  VI 1-7) 
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N  / 

BT  =  (6(1+6)N-1  L  - - - r)  /  2fcn(l+6) 

\  n=1  (1 4,S)n'1// 


(Eq.  VI  I -8) 


(1+6) 


N-i 


1  + 


1  +6 


(1+6)' 


(1+6) 


N-I 
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we  e  an  approximation  £n(l+6)  ^6  is  made  by  assuming  6  is  much  less  than 
un  ty  which  is  the  case  for  most  practical  log-periodic  antennas. 

If  a  log-periodic  antenna  is  driven  by  a  source  whose  phase  is  a 

c>mplex  conjugate  to  the  antenna  phase  angle,  but  where  the  amplitudes  of 

ea~h  radiation  cell  are  distributed  to  decrease  from  high-frequency  to  low 

frequency  and  as  (l+6)n  the  total  bandwidth  in  Equation  VI 1-6  may  be 

affectively  treated  as  B  ^  N6f  .  The  resultant  BT  product  for  this  case 

no 

i  s 


BT  =5:  N/2  (Eq-  VI  1-9) 

If,  on  the  other  hand,  the  amplitude  of  the  driving  source  were  made 

to  increase  as  (l+6)n"'  from  the  high-frequency  to  low-frequency  end,  the 

N~  1 

effective  bandwidth  may  be  treated  as  B  =  f  6(1+6)  ,  and  the  BT  product 

no 

would  become 


BT  =  -y  (1+6)N_1 


(Eq.  VII-10) 
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The  last  two  expressions  are  obtained  by  evaluating  in  terms  of  the 
"effective'1  bandwidth  by  which  the  compressed  field  is  intensified 
proportionately.  More  detailed  numerical  confirmations  on  BT  products  may 
be  needed  before  actual  design  considerations  are  made  for  the  sake  of 
completeness  in  comparing  various  BT  product  possibilities.  The  above  fou. 
expressions  are  plotted  as  functions  of  N,  the  number  of  radiation  cells 
in  a  dispersive  array.  Note  that  these  BT-product  curves  are  plotted 
independently  of  design  details  which  have  been  discussed  in  Section  VI. 

As  long  as  the  number  of  radiation  cells  is  established  in  a  given  volume, 
the  curves  in  Figure  VI  1-1  will  give  *he  maximum  possible  BT  product.  For 
example,  for  a  log-periodic  array  with  a  constant  amplitude  in  its  transfer 
function,  the  BT  product  is  given  in  Equation  VI 1-8,  and  Figure  VI 1-1  shows 
that  the  value  is  BT  =  2141  for  N  =  100.  This  result  is  in  qood  aqreement 
with  the  maximum  BT  product  established  for  a  conical  spiral  antenna  like 
that  studied  in  Section  VI. 

The  plotted  BT-product  curves  make  the  following  conclusions  clear: 

(1)  BT  =  N  for  a  quadratic-phased  dispersi/e  antenna.  The 
e '  mental  bandwidth  as  discussed  in  Appendix  D  does 
not  affect  the  BT  product. 

(2)  BT  =  { ( 1+5) 1 ) /2 1  for  a  constant  amplitude  distribution 
of  a  log-periodic  array.  Both  of  the  fractional 
bandwidths  5  =  0.05  and  0.10  are  practical  values  for 
existing  antennas,  and  they  yield  BT  products  higher 
than  the  corresponding  value  by  quadratic-phased 


antenr.as  . 
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(3)  By  using  skewed  weighting  (l+6)n  '  giving  higher  excita¬ 
tions  for  lower  frequency  cells,  the  BT  product  is  seen 
to  have  further  increased  the  BT  product  for  a  given 

N.  The  compressed  pulse  shape  for  this  distribution 
would  also  be  skewed  with  respect  to  the  pulse-peak, 
resulting  in  significant  ringing  after  the  peak.  This 
type  of  distribution  is  particularly  desirable  if  higher 
amounts  of  low-frequency  power  are  desired  in  the 
compressed  radiation. 

(4)  A  BT -product  of  **0  dB  with  N  =  110  can  be  reached  by  two 
curves.  If  the  same  bandwidth,  B,  and  the  same  N  are 
imposed  for  the  constant-amplitude  and  the  skewed-ampl i tude 
distributions,  the  former  with  6  =  0.1,  would  require  a 
larger  volume  when  compared  with  that  of  the  latter 

with  5  =  0.05 

A.  SPACE-TIHE  COMPRESSION  GAIN 

Total  field-compression  gain  is  the  product  of  spatial  directivity  gain 
and  temporal  compression  gain.  Let  C  be  the  total  field-compression  gain 

C  =  (Spatial  Compression  Gain)  (Temporal  Compression  Gain) 

2 

=  — -  (M) (BT)  (Eq.  VI 1-11) 

JT 

where  M  is  the  number  of  identical  dispersive  arrays.  If  different  dispersive 
arrays  with  different  BT  values  are  used,  the  total  field  compression  can 
be  wri tten 

2  J 

C  =  -11—  £  (H  )  (B  T.)  (Eq.  VI  1-12) 

f?  J  J  J 

j-i 
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The  simplest  configuration  of  using  M  identical  quadratic-arrays  with  the 

BD  product  equal  to  N  is  given  in  Equation  VI  1-5,  and  the  total  field- 

2 

ompresslon  gain  Is  equal  to  MN  it  //T. 

The  next  simplest  configuration  is  to  array  a  number  of  identical 
cavity-backed  spiral  antennas.  Consider  the  example  given  in  Table  V-3 
v  here  a  cavity-backed  spiral  antenna  with  a  volume  of  4tt/3  m^  has  110 
radiation  cells.  The  BT  product  of  this  antenna  is  given  as  2453  which 
is  in  good  agreement  with  the  curve  for 

BT  =  ((l+6)N-1)/26  with  6  =  0.05 

in  figure  VI 1-1.  Use  of  Equation  VI 1-11  gives 

C  =  v2/S2~  (2453)  M  1  .7x10**  M  (Eq.  VI  1-13) 

2 

If  six  identical  antennas  were  used,  the  array  would  occupy  8ir  m  volume 

and  give  a  field  compression  gain  of  50  dB.  This  gain  would  mean  a  power 
6  2 

density  of  10  /4-rr  watts/m  at  a  distance  100  m  from  the  array,  if  a  total 
of  10  kW  is  fed  to  the  six  antennas.  In  terms  of  electric  field  intensity, 
t  would  be  5.5  kV/m  at  the  distance  100  m  from  the  array.  A  field 
compression  gain  of  60  dB  can  be  achieved  by  using  12  identical  cavity- 
backed  spirals  with  6  =  0.05  and  with  the  source  distribution  that  gives 
rise  to 


BT  =  N(l+5)N_1/2 

in  Figure  VI 1-1.  If  70  dB  gain  is  needed,  120  antennas  can  be  assembled 

2 

with  a  volume  of  160  7r  m  ,  and  delivering  the  gain  that  would  give  rise 
tc  the  55  kV/m  electric  field  at  100  m  from  the  array. 
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Other  types  of  array  arrangements  can  be  made  according  to  the 
dispersion  antennas  chosen.  For  a  general  type  of  arrangement,  the 
formula  in  Equation  VI 1-12  should  be  used  to  make  compression  gain 


SECTION  VI  I  I 


CONCLUSIONS 


This  study  program  on  radiation-field  compression  has  covered  the 
dispersion-compression  concepts,  the  experimental  verifications,  and  the 
development  of  analytical  models.  The  conceptual  studies  have  treated 
various  dispersive  antennas  as  potential  candidates  to  intensify  the 
radiation  fields.  The  empirical  data  and  their  associated  analyses  have 
demonstrated  radiation  mechanisms  and  compression  limitations  for  log- 
periodic  antennas.  Both  geometrical  parameters  and  electrical  properties 
nave  oeen  employed  to  develop  the  analytical  models  for  predicting  the 
BT  gains  and  the  required  driving  source  functions  for  conjugate  matchings 
The  following  paragraphs  will  serve  to  summarize  briefly  the  extent  and 
significance  of  the  results  emerged  from  this  program. 

1 .  ANTENNA  DISPERSION  AND  COMPRESSION 

There  is  conceptually  no  restriction  on  what  dispersion  characteris¬ 
tics  can  be  used  for  field-compression  purposes.  The  well  known  quadratic 
phase  dispersion  or  linear  FM  have  received  limited  study  in  this  program^ 
but  no  operational  antenna  is  known  to  exist  at  the  present.  Also,  its  BT 
product  is  found  to  be  less  than  the  log-periodic  phased  dispersion  which 
:s  exhibited  by  many  so-called  f requency- i ndependent  antennas.  Therefore, 
a  great  portion  of  this  program  effort  has  been  concentrated  on  log- 
periodic  (LP)  antennas  for  field  compression. 

Six  LP  antennas  have  been  measured  for  their  dispersion  character  s- 
tics  of  radiated  fields.  Extensive  numerical  results  are  obtained  in 
both  time-  and  frequency-domains.  Dispersed  field  durations  and 
bandwidths  are  tabulated  for  these  antennas  to  compare  their  relative 
merits  for  BT  products.  Analytical  models  for  these  dispersions  have 


been  formulated  in  a  common  form  in  terms  of  electrical  parameters  such 
as  radiation  cells  and  their  center  frequencies.  The  complex  transfer 
function  of  these  antennas  is  summarized  as  shown  in  Fiqure  VII l-l  when- 
the  effective  fractional  bandwidth  6,  the  highest  radiation  frequenuv,  aru 
the  total  number  of  radiation  cells  are  used  to  completely  describe  1  < 
far-zone  dispersive  transfer  function  of  all  periodic  antennas.  This 
program  has,  thus,  in  essence,  established  the  transmitter  waveform 
requirements  if  LP  antennas  are  to  be  employed  to  compress  radiation 

field:, 

\ 

the  BT  products  of  LP  antennas  have  been  evaluated  for  their 
theoretical  and  practical  limits  when  certain  geometrical  parameters 
are  imposed.  The  largest  linear  dimensions  of  2  m  in  the  transverse 
plane  and  k  m  along  the  longitudinal  axis  of  antennas  are  imposed  as 
upper  limits  for  antenna  size,  because  they  serve  to  give  a  solid  design 
example  and  allow  further  studies  by  simply  changing  these  parameters. 

The  highest  operating  frequency  of  a  dispersive  antenna  is  presently 
imposed  at  15  GHz.  This  limit  is  set  by  considering  the  required  antennp 
structure's  precision  requirements  and  power-handl  ing  capacities,  in  addi 
tion  to  the  transmitter  availability  and  propagation  losses  through  the 
air,  etc.  Even  under  the  restricted  parameters,  the  BT  product  can  still 
become  indefinitely  large  in  theory,  if  the  slowness  factor  of  the 
antenna  structure  were  allowed  to  approach  zero.  This  approach  leads 
immediately  to  many  impractical  designs  as  well  as  operations.  Therefore, 
based  on  certain  practical  constraints,  the  practical  BT-product  limits 
are  listed  in  Table  VI  1 1-1  with  appropriate  comments.  It  shows  that  the 
three  antenna  types  have  about  the  same  BT-products  when  their  volume  is 
approximately  the  same. 

Complementary  to  the  above  conclusion  are  the  results  obtained  from 
the  analytical  model  based  on  electrical  properties  such  as  total  number 
of  radiation  cells  and  their  fractional  bandwidth.  BT  products  ar 
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igjre  VI  I  I-!  .  Transfer  Fj.iction  and  Associated  Cnarac  •  er  i  st cs  of  General  Log-Periodic  •  .enr.as 


TABLE  VIII -1 


COMPARISON  OF  FIELD  COMPRESSION  ANIiNNAS  DESIGNED  TO  PROVIDE  MAXIMUM 
BT  PRODUCTS  WHEN  NORMALIZED  BY  A  COMMON  SET  OF  CONSTRAINTS.  THE  BT 
PRODUCT  PER  UNIT  VOLUME  IS  APPROXIMATELY  THE  SAME  FOR  ALL  LOG-PERIODIC 

ANTENNAS 

CONSTRAINTS  (ASSUMED)1 

INPUT  FEED  CABLE  DIMENSION:  0.00358  METER  (.141  INCH)  O.D. 

ALLOWED  AXIAL  DIMENSION:  4  METERS 

ALLOWED  TRANSVERSE  DIMENSION:  2  METERS 


MAXIMUM  ANTENNA  FIELD  COMPRESSION  GAIN 


AN.tNNA  TYPE 


CONICAL  SPIRAL: 

a  =  0.00284  METER 
n 

A  =  l4r 
o 

a  =  85° 


LOG-PERIODIC  DIPOLE  ARRAY: 

Lh  =  0.01  METER 

0  =14° 
o 

j  =  0.) 


CAVITY-BACKED  SPIRAL: 

ah  =  0.0028  METER 

$  =  88°5 1 1 


BT  PRODUCT  VOLUME'' 


2537  4.2  (METERS)3 


2126  4.2  (METERS)3 


2453  4.2  (METERS)3 


^hese  are  reasonable,  but  arbitrary. 
Estimated  effective  radiation  volume. 
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evaluated  by  the  models  in  Section  VII.  Should  there  be  a  quadratic- 
phased  antenna, its  6T  product  would  be  equal  to  the  total  number  of 
radiation  cells  in  a  given  volume.  Log-periodic  dispersive  antennas,  on 
the  other  hand,  are  shown  to  have  various  possibilities  in  BT  products 
depending  on  spectral  distributions.  In  general,  these  BT  products 
increase  with  total  number  of  radiation  cells.  When  the  number  is  chosen 
110,  in  agreement  with  the  models  based  on  geometrical  parameters,  the 
BT  product  becomes  about  2200  as  in  agreement  with  those  in  Table  VI  1 1  —  1 . 

To  summarize,  this  program  has  developed  two  analytical  models  by 
which  the  BT  product  of  LP  antennas  can  be  consistently  predicted.  These 
models  will  become  useful  tools  for  the  system  designers  of  radiation- 
field  compression  antennas. 

2,  TRANSFER  FUNCTIONS  AND  TRANSMITTER  DESIGNS 


Since  dispersion-filter  function  is  a  complex  conjugate  of  driving- 
source  function,  either  of  them  can  be  chosen  first  as  the  desired 
function  and  the  other  will  then  be  designed  for  conjugate  matching.  This 
program  has  chosen  LP  antennas  as  dispersive  filters  for  field-compression 
applications,  and  the  driving-source  functional  characteristics  are  to  be 
recommended  for  future  developments.  To  this  extent,  this  program  has 
successfully  developed  the  transfer  function  as  shown  in  Figure  VI  I  1-1. 

A  successful  transmitter-function  design  in  the  future  will  be  required  to 
produce  the  driving-source  function  as  the  complex  conjugate  of  the  LP 
transfer  function. 

3 .  MAXI  MUM  POWER-DENSITY  GAIN  OF  A  DISPERSIVE  ANTENNA 


This  program  has  analytically  determined  that  radiation-field 
compression  is  accomplished  by  an  array  of  cells  which  radiate  in  a 
sequential  manner.  The  LP  antenna  radiates  the  highest-f requency  pulse 
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from  the  first  radiation  cell  which  occupies  the  largest  elemental 
bandwidth  (f^6).  As  the  time  goes  on,  the  successive  radiation  cells 
give  rise  to  a  series  of  pulses  with  time-varying  instantaneous 
frequencies.  When  the  last  cell,  corresponding  to  the  lowest  operating 
frequency,  completes  its  radiation,  the  overall  dispersed  pulse  of  the 
antenna  is  a  superposition  of  N  pulses. 

The  LP  antenna  has  approximately  the  same  directive  gain  n2/\/r2-for 
all  its  radiation  cells.  This  value  of  gain  stays  the  same  for  all 
operational  frequencies  if  the  antenna  is  used  for  CW  or  monochromatic 
radiation.  Should  a  broad-bandwidth  and  long-duration  pulse  be  conjugate- 
matched  to  the  antenna  transfer  function,  the  resultant  radiation  field 
could  be  intensified  beyond  the  monochromatic  directive  gain.  Depending 
on  the  source  bandwidth  and  duration,  various  compression  gain  can  be 
achieved  for  the  antenna.  Considering  the  additional  compression  gain 
equal  to  the  BT  product,  a  dispersive  antenna  can  intensify  its  radiated 
maximum-power  density  to  a  value  equal  to  BT  tt2/\/2~.  By  referring  to  the 
BT  curves  in  Section  VII,  a  dispersive  antenna  gain  can  be  readily 
evaluated.  For  instance,  if  a  dispersive  antenna  was  designed  to  have  BT 
equal  to  2828  or  1414,  its  overall  compression  gain  would  be  about  43  dB 
or  40  dB,  respectively.  This  program  has  established  that  a  dispersion 
antenna  occupying  about  4  m3  can  produce  a  compression  gain  of  43  dB  or 
higher. 

4,  GAIN  OF  AN  ARRAYED  DISPERSION  ANTENNA 


The  gain  of  a  single  dispersion  antenna  is  enhanced  by  temporal 
pulse  compression  while  maintaining  a  fixed  spatial  compression  gain  of 
about  it 2//2*.  Further  increase  in  power-density  gain  is  possible  by 
arraying  a  number  of  dispersion  antennas.  Basically,  there  may  be  two 
ways  of  arraying:  one  is  to  increase  the  radiation  volume  by  extending 
transversal  coverage,  and  the  other  is  to  extend  simply  longitudinal 
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coverage.  An  appropriate  combination  of  these  two  basic  arrays,  the 
power-density  gain  of  the  array  would  be  most  properly  called  a  simultaneous 
space-time  compression.  Ry  restricting  the  highest  frequency  to  lb  GHz, 
this  program  has  established  that  a  radiation  volume  of  *♦  m3  or  **00  m3  can 
produce  a  power-density  gain  of  about  **3  dB  or  63  dB. 

5.  ELECTRIC  FIELD  INTENSITY  AND  POWER  INPUT 


Let  C  be  the  space-time  compression  gain  of  an  array  of  dispersive 
antennas  which  consist  of  arrays  of  radiation  cells.  The  compressed 
electric  field  intensity  E  at  a  distance  r  from  the  array  center  is 
expressed  as  a  function  of  total  input  power  W  as 

E  -  -/ 3WC//2 

array  r  v 

If  only  a  dispersive  antenna  is  used,  the  electric  field  intensity  is 
enhanced  only  by  the  BT  product  and  the  radiation  cell  directivity  as 

‘antenna  ‘ 

The  above  two  formulas  can  be  used  to  estimate  required  input  power  W  if 
the  field  intensity  E  is  specified  at  a  given  r.  Examples  for  these 
evaluations  are  given  in  Section  VII  where  it  is  stated,  in  effect,  that 
the  space-time  compression  gain  is  a  function  of  the  total  radiation 
volume. 

6.  NEAR-ZONE  FIELD  AND  POWER-HANDLING  CAPACITY 


Because  of  concern  over  possible  air  breakdown  in  the  near-zone 
compression,  these  near-zone  fields  have  been  formulated  and  computed. 

Two  dispersive  antenna  models  have  been  used  to  establish  upper  and  lower 
bounds  for  compressed-pulse  peaks  in  the  neat -zone.  The  pulse  shapes  and 
durations  of  these  two  models  are  demonstrated  in  Section  VI  where  a 
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curve  relating  breakdown  field  strength  and  pulse  duration  was  also  given. 
The  curve  and  its  associated  tabulation  have  been  used  to  establish  that 
no  near-field  breakdown  would  take  place  outside  of  the  spherical  volume 
enclosing  the  h ighest-f requency  element.  This  program  has  used  the  near¬ 
zone  models  to  predict  performances  of  other  antennas  under  different 
operating  conditions.  By  estimating  the  present  power-handling  capacities 
of  various  antennas,  it  is  concluded  that  no  near-zone  breakdown  would 
take  place  before  the  antenna  structures  exceed  their  power-handling 
specifications.  Although  more  in-depth  studies  on  the  state-of-the-art 
designs  for  power  handling  should  be  conducted,  it  appears  that  the  limit 
of  the  pulse  compression  by  a  dispersive  antenna  will  be  set  by  the 
antenna's  power-handling  capacity  rather  than  the  possibility  of  a  near¬ 
field  breakdown.  In  either  case,  a  ready  solution  is  to  array  a  number  of 
dispersive  antennas  as  was  discussed  earlier. 


SECTION  IX 


RECOMMENDATIONS 


As  this  program  completes  its  experimental  verifications  of  radiated 
field  dispersion  and  concludes  its  analytical  models  for  dispersive-antenna 
transfer  functions,  it  leads  naturally  to  the  last  area  of  field-compression 
elements:  the  transmitter  functions  that  will  conjugate  match  the  disper¬ 
sive  antennas. 

The  results  of  this  program  have  made  it  clear  that  both  analytical 
developments  and  practical  designs  of  a  transmitter  require  a  definitive 
knowledge  on  application  potentials  as  well  as  operational  limitations. 

The  following  recommendations  will  be  made  on  the  basis  of  technical  under¬ 
standings  accomplished  in  this  program. 

1.  LOG-PERIODIC  ANTENNAS  AS  RADIATION-FIELD  COMPRESSORS 


The  log-periodic  antennas  are  recommended  for  use  in  radiation-field 
compressions.  Certain  obvious  reasons  for  this  recommendation  are: 

(1)  Analytically,  they  have  larger  BT-product  potential  than  the 
quadratic-phased  dispersion  antennas. 

(2)  Practically,  they  have  been  verified  to  have  well  behaved  dis¬ 
persion  characteristics,  while  the  quadratic-phased  antenna  is 
not  known  to  exist. 

(3)  Both  theoretical  and  practical  limits  of  their  BT  product  have 
been  established  in  terms  of  geometrical  parameters  involved  in 
thei r  des igns . 
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(A)  Radiation  ceils  of  these  antennas  have  been  formulated  in  terms 
of  their  electromagnetic  performance  parameters. 

(5)  Their  near-zone  compressions  have  been  analyzed  extensively 
with  numerical  results  to  obtain  the  upper  and  lower  bounds 
that  can  be  used  to  evaluate  air-breakdown  possibilities. 

(6)  Formalisms  of  their  dispersion  characteristics  have  been 
developed  (Figure  I X- 1 )  to  provide  precise  statements  for 
transmitter  requirements. 

2.  INTENSIVE  RSD  EFFORTS  ON  RETARDATION-RADIATION  CELLS 


Operational  log-periodic  antennas  have,  in  the  past,  been  designed 
for  CW  or  monochromatic  applications.  This  program  has  produced  the 
radiation-cell  concepts  that  are  describable  in  terms  of  both  geometrical 
and  electromagnetic  parameters.  Successful  applications  of  LP  antennas 
for  radiation-field  compression  will  require  more  information  pertaining 
to  the  following  questions: 

(1)  Is  the  imposition  of  15  GHz  realistic  as  the  highest  operation 
frequency?  The  only  meaningful  answer  to  this  question  requires 
substantiation  by  measured  data. 

(2)  What  is  the  maximum  power  or  energy  density  that  a  radiation 
cell  can  handle?  The  most  adequate  answer  to  this  question 
appears  to  require  a  specification  of  joules  per  cubic  wavelength. 

(3)  How  well  must  log-periodic-phase  characteristics  be  maintained 
across- the  operating  bandwidth?  Realizable  compression  gain 
estimates  and  practical  transmitter  designs  will  be  facilitated 
by  the  answer. 
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(a)  Dispersive  Log-Periodic  Filter  Driven  by  an  Impulse 
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(b)  Conjugate  -  Matched  Driving  Source  and  the  Filter 
Response 


Figure  I X- 1 .  Recommended  Analytic  Description  for  Radiation  Field 
Compression  by  Use  of  Log"Periodic  Antennas 


(4)  What  are  the  slowness  factor  and  effective  fractional  bandwidth 
that  can  be  realized  by  the  state-of-the-art  design?  The  answer  wi 
set  a  limit  on  a  realizable  compression  gain  for  a  dispersion- 
antenna  radiation. 

(5)  How  do  you  most  tightly  pack  radiation  cells  into  a  given  volume  of 
a  dispersive  antenna?  This  answer  will  have  to  be  dictated  by 
tolerable  reactive-energy  storage  or  conduction  loss  in  the 
antenna  structure. 

(6)  Should  the  dispersion-pulse  bandwidth  or  duration  be  increased 
in  order  to  enhance  the  antenna's  compression  gain?  The  answer 
will  depend  on  the  state-of-the-art  design,  antenna  volume  specifi¬ 
cation,  and  transmi t ter-funct ion  distribution. 

3.  EXPONENTIAL  DISTRIBUTION  FOR  TRANSMITTER  SPECTRUM 

Present  design  of  LP  antennas  does  not  give  rise  to  a  uniform  dis¬ 
persion  gain  for  all  the  radiation  cells  involved.  The  h i ghes t-f requency 
cell  gives  the  maximum  gain  because  of  its  inherently  largest  bandwidth. 

The  lowest-f requency  cell  occupies  the  largest  fraction  of  the  total 
radiation  volume,  although  it  gives  rise  to  the  minimum  pulse  amplitude. 

In  order  to  let  the  antenna  radiate  its  compressed-pulse  power  in 
proportion  to  the  volume  occupied  by  its  radiation  cells,  Ilia  transmitter 
spectral  distribution  is  recommended  as  shown  in  Figure  IX-2  where  the 
corresponding  time-domain  waveform  is  also  depicted  qualitatively. 

A.  VOLUMETRIC  ARRAY  OF  DISPERSIVE  ANTENNAS 


This  program  has  indicated  that,  according  to  the  present  CW-specified 
power  capacities,  the  compressed  pulses  in  either  the  near-  or  far-zone  are 
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Figure  I  X— 2 .  Recommended  Source  ^unctions  for  Conjugate- 
Matching  Existing  Lc  Antennas 
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unlikely  to  cause  air  breakdown  beli>!  mienna  structures  suffer  from 
exceeding  their  power-handling  capabilities.  On  the  other  hand,  should 
future  design  techniques  improve  power -hand  1 i ng  capabilities  to  the  point 
chat  the  near-zone  compressed  field  would  first  induce  air  breakdown,  the 
problem  of  using  a  single  dispersive  antenna  would  still  remain  for  certain 
desired  field-compression  gains.  Examples  have  been  given  in  this  program 
on  how  to  utilize  the  concept  of  a  volumetric  array  to  increase  the  com¬ 
pression  with  no  limit  in  theory.  This  concept  requires  a  careful  analyti¬ 
cal  study  on  the  optimal  configurations  by  which  the  largest  gain  can  be 
achieved  for  a  given  volume.  Also,  mechanical  and  electrical  tolerances 
of  the  volumetric  array  need  be  conducted  in  the  same  way  the  extremely 
large  parabolic  dishes  are  designed  for  extremely  large  gain. 

5.  EXPERIMENTAL  VERIFICATION  OF  FIELD  COMPRESSION  USING  CONJUGATE- 
MATCHED  LOW  POWER  SOURCE 


In  order  to  more  clearly  understand  some  of  the  problems  involved  in 
implementing  field-compression  systems,  it  is  recommended  that  a  low-power 
system  be  built  and  tested.  In  this  way,  it  would  be  easier  to  build  the 
'low-power  source  driving-function  as  outlined  in  Figure  1 X— 2  and  verify 
the  concept  of  low-frequency  amplitude  boosting  necessary  to  equalize  the 
radiated  power  efficiency  of  all  radiation  cells.  Furthermore,  the  amount 
of  tolerable  mismatch  between  the  phase  characteristics  of  the  transmitter 
and  antenna  could  be  evaluated.  Such  a  system  could  be  designed  to  operate 
only  over  a  limited  bandwidth  to  facilitate  transmitter  design.  Direct 
verification  of  field  compression  would  be  established  and  the  many  analyti¬ 
cal  conclusions  brought  out  in  the  present  study  could  be  confirmed  or 
modified  as  a  result  of  this  recommended  effort. 

In  summary,  this  recommendation  is  to  use  a  conventional  "low-power" 
source  to  investigate  and  verify  the  critical  operational  parameters. 

Whether  a  "new"  high-power  source  would  be  necessary  could  become  more 
apparent  after  this  recommended  effort. 
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6. 


APPLICATIONS  IN  ADVANCED  RADARS  AND  COMMUNICATION 


One  of  the  most  readliy  apparent  applications  for  field  compression 
is  in  long  range,  high  resolution  radar  systems.  As  a  result  of  the  very 
narrow  pulse  width  and  high  power  gain  achieved  using  radiation  field  com¬ 
pression,  both  range  and  resolution  would  be  increased  over  conventional 
radar  systems  using  the  same  input  power.  A  field  compression  antenna  is 
a  passive  device  and  would  offer  distinct  advantages  over  complicated 
electronic  filters  which  might  otherwise  be  used  to  obtain  the  same 
results. 

There  appears  to  be  potential  applications  for  field  compression  in 
certain  areas  of  communication.  For  example,  it  should  be  possible  for 
amplitude  modulated  information  to  be  coded  onto  a  long-duration  frequency 
modulated  pulse  without  upsetting  the  conjugate-phase  relationship  between 
the  transmitter  anu  antenna.  Since  the  same  conjugate-matched  filter  char 
acteristic  which  exists  between  the  transmitter  waveform  and  the  antenna 
must  also  be  met  by  a  receiving  antenna  if  the  original  transmitter 
waveform  is  to  be  detected,  then  any  information  coded  onto  the  transmitte 
waveform  could  only  be  decoded  by  using  the  same  conjugate-matched 
receiving  antenna. 

In  conclusion,  it  is  recommended  that  potential  applications  for 
radiated-f ield  compression  be  the  subject  of  further  investigation. 

7.  FEASIBILITY  OF  BUILDING  A  FIELD  COMPRESSION  SYSTEM  HAVING  A  BT 

PRODUCT  OF  2000 


In  an  effort  to  determine  the  feasibility  of  field  compressors 
having  BT  products  on  the  order  of  2000,  BDM  has  made  a  brief  survey  of 
some  of  the  problems  involved.  It  appears  that  the  three  antenna  designs 
discussed  in  Section  V  can  be  met  by  the  present  level  of  antenna 


technology.  The  basic  problem  area  centers  around  the  design  of  the 
source.  At  present,  there  is  no  adequate  source  of  either  the  impulse 
type  or  the  dispersed  FH  type  to  drive  the  antenna.  An  "impulse"  source 

having  spectral  content  up  to  1 5  GHz  would  be  needed  to  meet  the  required 

pulse  widths  on  the  order  of  67  ps  at  a  level  of  at  least  500  volts  and  a 
pulse  repetition  rate  of  about  500  pps  for  high- resolution  dispersion 
measurements  using  sampling  techniques.  For  direct  verification  of  field 
compression,  it  would  be  more  desirable  to  use  a  dispersed  pulse  generator 
which  has  the  reversal  time  characteristic  to  the  antenna  transfer 
function.  Such  a  pulser  would  be  required  to  generate  an  FM  waveform 
starting  at  the  lowest  frequency  (about  75  MHz)  and  proceeding  to  higher 
frequencies  as  time  increases.  The  total  sweep  time  required  to  reach 
15  GHz  should  equal  the  dispersion  time  of  the  antenna,  nominally  about 
170  ns.  Since  there  would  be  a  compression  gain  of  the  radiated  pulse  of 

at  least  2000  or  +33  dB,  then  an  output  power  level  of  such  a  dispersed 

FM  generator  of  only  several  mW  would  be  adequate  to  deliver  radiated, 
compressed  pulses  on  the  order  of  1  or  2  watts.  The  pulse  repetition 
rate  of  this  pulser  should  again  be  on  the  order  of  500  pps  for  high- 
resolution  sampling. 

Even  though  neither  of  these  pulse  generators  is  known  to  exist  at 
present,  BDM  feels  that  both  types  are  within  the  present  state-of-the- 
art  in  pulse  generator  technology.  Under  the  assumption  that  a  15  GHz 
field  compression  antenna  is  to  be  built,  then  the  construction  of  both 
types  of  pulse  generators  would  be  recommended  since  the  "impulse"  type 
would  be  needed  in  order  to  accurately  measure  the  antenna  transfer 
function. 
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APPENDIX  A 


FIELD  COMPRESSION  BY  ANTENNAS 


I.  INTRODUCTION 


Field  compression  is  to  increase  radiated  power  density  by  use  of 

* 

antenna  structures.  There  are  great  varieties  of  antennas  developed  to 
serve  the  purpose  of  radiation-field  compressors.  Broadly  speaking,  one 
may  classify  different  antenna  types  into  radiators  that  are  driven  by  line 
sources,  surface  sources,  and  volume  sources.  Classical  treatments  on  antennas 
have  been  concentrated  on  the  former  two  categories.  The  present  program  of 
achieving  a  maximum  field  compression  has  brought  into  focus  the  need  of 
studying  volume-distributed  sources  for  high- i ntens i ty  radiations. 

This  appendix  is  intended  to  serve  as  an  outline  on  possible  antenna 
gains  when  elemental  sources  are  distributed  over  a  specified  volume.  Some 
fundamental  definitions  on  antenna  directivity,  antenna  array,  radiation  cell, 
dispersive  radiation,  etc.  will  be  discussed  in  terms  of  field  intensifications 
By  combining  these  fundamental  concepts,  the  overall  gain  of  a  volumetric 
dispersive  array  will  be  given  in  terms  of  the  total  number  of  radiation 
cells  involved. 

i 

2.  GAIN  AND  DIRECTIVITY 


The  directivity  of  a  radiator  is  defined  as  the  ratio  of  the  power  density 
produced  by  the  antenna  over  the  power  density  produced  by  an  assumed  omni¬ 
directional  antenna,  provided  an  equal  amount  of  power  is  radiated  by  both 
antennas.  In  practice,  the  maximum  directivity  of  an  antenna  is  of  principal 
interest.  For  the  present  program,  this  maximum  directivity  will  be  our  only 
concern.  That  is,  the  directivity  of  an  antenna  is  to  be  understood  as  the 
maximum  value. 

A 
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Practical  antennas  require  feeding  networks  to  provide  power  for  their 
radiation.  Since  a  feeding  network  cannot  be  perfectly  matched  to  an  antenna 
terminal,  the  radiated  power  is  invariably  smaller  than  the  available  feeding 
power.  Also,  whatever  amount  of  power  is  transferred  to  an  antenna,  It  can  be 
distributed  in  a  different  manner  over  the  antenna  surface  so  that  different 
radiation  intensities  would  result  in  the  direction  of  maximum  radiation. 

These  two  factors,  among  others  such  as  polarization  mismatch,  etc.,  always 
reduce  the  practical  gain  of  an  antenna  to  a  level  less  than  the  theoretically 
possible  value.  For  the  sake  of  simplicity,  all  practical  factors  that  reduce 
an  antenna's  maximum  directivity  will  not  be  considered  in  this  appendix.  In 
other  words,  only  directivity  will  be  treated  as  the  intensification  factor 
for  radiated  power  density. 

3.  RADIATION  CELL  -  ELEMENTAL  ANTENNA 

Radiation  from  practical  antennas  can  always  be  decomposed  into  small 
radiation  cells  whose  integrated  effects  represent  the  overall  antenna 
performance.  There  are  various  ways  of  characterizing  the  small  radiation 
elements;  some  ways  may  be  purely  mathematical  in  nature,  others  may  more 
closely  resemble  actual  radiation  mechanisms.  For  the  present  program, 
a  radiation  cell  is  defined  as  the  minimum  volume  in  which  a  unidirectional 
and  efficient  radiation  can  take  place. 

Efficient  radiation  by  a  small  current  element  is  known  as  being  from 

either  an  electric  or  magnetic  dipole  whose  length  is  in  the  rieighborhood  of 
one-half  wavelength.  Omnidirectional  radiation  of  a  small  region  is  known  to 

be  contributed  to  by  proper  phasing  along  the  longitudinal  direction.  The 
smallest  longitudinal  depth  for  efficient  radiation  is  also  about  one-half 
wavelength.  Therefore,  without  concerning  effective  current  distributions, 
the  elemental  antenna  with  unidirectional  efficient  radiation  Is  about  a  volume 
occupying  (A/2)  . 
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This  radiation  cel]  can  be  closely  identified  with  a  newly  verified 
electromagnetic  dipole,  an  electric  dipole  with  a  director  and  reflector, 
an  electric  dipole  over  a  ground  plane,  and  one  element  of  a  log-periodic 
dipole  array.  For  the  present  program,  the  last  identification  is  of 
immediate  concern. 

4.  PLANAR  ARRAY  -  SPATIAL  ANGLE  COMPRESSION 


A  planar  antenna  under  monochromatic  radiation  has  the  well  known 
dl  recti vl ty  as 


T  -  4trA/A2  .  (Eq.  A- 1 ) 

if  the  source  distribution  is  uniform.  .  The  formula  can  be  used  for  an  array 
consisting  of  many  elemental  radiators.  Each  element  of  the  array  can  be 
treated  as  a  radiation  cell  with  an  effective  radiation  area.  For  a  slot 
antenna  or  an  electric  dipole  over  ground  plane,  the  projected  radiation 
area  is  approximately  (A Therefore,  for  all  practical  purposes,  an 
estimate  for  the  elemental  directivity  is 

4tt  (A/  \fi)  2/A2  =  2tt  (Eq.  A-2) 

which  corresponds  to  a  directive  gain  of  8  dB  for  each  array  element.  This 
value  is  close  to  most  operational  planar  arrays  depending  on  their  design 
detai Is. 

Since  the  array  consists  of  elemental  areas,  an  assumption  of  uniform 
distribution  for  these  areas  gives 

T  =  M(2ir)  (Eq.  A-3) 

where  M  is  the  total  number  of  elemental  areas  with  equal -amp  1 i tude  excitation. 
It  is  noted  again  that  both  elemental  current  distribution  as  well  as  the  array 
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total  distribution  are  assumed  to  be  uniform.  For  a  more  realistic  and  commonly 
used  distribution,  the  above  directivity  values  should  be  reduced  by  a  factor 
of  2. 

5-  DISPERSIVE  ARRAY  -  RETARDATION  CELLS 


Instead  of  a  planar  array  whose  directivity  is  in  proportion  to  its 
projected  area,  there  also  exists  a  longitudinal  array  whose  directivity  is 
proportional  to  the  depth  along  the  direction  of  propagation.  An  arraying 
along  the  propagation  direction  can,  in  theory,  be  made  by  using  elemental 
cells  as  defined  earlier.  However,  because  of  the  intention  of  intensified 
radiation  instead  of  supporting  a  bounded  wave  without  radiation,  the  longi¬ 
tudinal  arraying  is  seldom  accomplished  in  monochromatic  operation. 

A  radiation  cell  intended  for  longitudinal  arraying  has  a  directivity  of 
about  Att  times  the  projected  length  or  depth  of  the  cell.  For  the  cell  chosen 
for  this  program,  the  projected  cell  depth  is  A/2  which  gives  the  elemental 
directivity 


ArrL/A  =  Arr(l/2)  =  2w  (Eq.  A-A) 

This  result  is  the  same  as  Equation  A-2,  because  the  same  radiation  cell  is 
concerned. 

Suppose  a  volumetric  radiation  cell  is  treated  directly  in  terms  of 
volume,  instead  of  in  terms  of  projected  area  or  depth,  one  can  write  the 
radiation  cell  directivity  as 

(AttA/A2)  (AttL/A)  =  (A7r)2(v'/A3)  =  7  (Eq.  A-5) 

where  the  value  7  is  obtained  by  allowing  the  cell  to  be  a  cubic  volume  of 
equal  sides,  each  of  which  is  (A/2 ).  The  directivity  gain  is  about  8.5 
dB  which  is  the  value  commonly  achieved  in  log-periodic  or  other  types  of 
frequency- independent  antennas. 
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VOLUMETRIC  DISPERSION  ARRAYS 


Analytical  developments  for  radiation  cells  are  to  be  found  in  Appendix 
D.  Both  log-per iodic-phase  and  quadratic-phase  distributions  are  developed 
there  for  the  bandwidth  and  duration  of  dispersive  antennas.  These  antennas  are 
broadband  in  the  sense  that  in  a  given  volume  there  are  numerous  radiation 
cells  across  a  wide  bandwidth.  Should  there  be  proper  excitation  sources 
to  these  antennas,  all  these  radiation  cells  would  radiate  sequentially  with 
certain  amounts  of  time  delay  from  the  first  cell  to  the  last  cell.  There 
are  many  operational  antennas  that  are  capable  of  this  type  of  radiation. 

Some  of  the  measured  results  demonstrating  log-periodic  characteristics  or 
inverse  delay  time  for  instantaneous  frequencies  are  presented  in  Appendix  C. 

Unlike  most  conventional  antennas  whose  field  compression  gain  is  achieved 
through  reducing  the  spatial  angle  of  radiation,  a  volumetric  dispersion  array 
can  be  designed  to  compress  its  radiated  field  in  time  or  in  the  direction 
propagation.  This  additional  compression  gain  is  proportional  to  the  field 
bandwidth  (B)  and  the  dispersed-pulse  duration  (T).  For  the  sake  of  being 
precise,  product  of  bandwidth  and  duration  Is  called  the  BT  product  of  a  volumetri 
volumetric  dispersion  array. 

When  a  number  of  volumetric  dispersion  arrays  are  again  being  arrayed  for 
additional  field  compression,  the  resultant  field  compression  becomes  the 
product  of  the  temporal  BT  and  the  spatial  compressions  (as  defined  In  Equation 
A-l  and  A-4).  Let  the  overall  compression  gain  be  C  as 

C  *  (Spatial  Compression) (Temporal  Compression) 

-  ((4itA/A2)(4itLA)J  (BT)  , 

-  (4tt)2(V/A3)(BT)  (Eq-  A'6) 

-  M  (7) (BT) 
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where  the  last  expression  is  obtained  by  use  of  Equation  A-5  and  by  assuming 
that  M  Is  the  number  of  radiation  ceils  of  the  center  frequency  occupying 
a  transverse  extent  with  an  area  A  and  a  depth  equal  to  the  depth  of  a  cell. 

It  remains  to  determine  the  BT  product  in  terms  of  radiation  cells 
occupying  a  retardation  region.  In  Appendix  D,  for  instance,  the  bandwidth 
of  a  dispersive  antenna  with  a  quadratic  pnase  is  obtained  as 

B  =  Nb  (Eq.  A-7) 

where  N  is  the  number  of  retarded  radiation  cells  and  b  is  the  elemental 
bandwidth.  It  is  also  shown  in  Appendix  D  that  the  total  dispersion  pulse 
duration  is 

T  *  1/b  (Eq.  A-8) 

Subsititution  of  '.quations  A-7  and  A-8  into  Equation  A-6  gives 

C  -  7MN  (Eq,  A-9) 

This  is  the  final  expression  for  a  volumetric  dispersion  antenna  whose 
maximum  compression  gain  is  equal  to  the  product  of  radiation-cell  gain  7 
and  the  total  number  of  radiation  cells  in  a  given  volume,  provided  the 
antenna  dispersion  is  of  quadratic  phase  in  nature. 

7.  CONCLUDING  REMARKS 


An  example  has  been  given  here  to  show  the  maximum  compression  gain  for 
a  quadratic-phased  dispersive  volumetric  array.  There  are  other  types  of 
array  which  have  different  compression  gains.  In  fact,  existing  frequency- 
independent  arrays  are  log-periodic  in  nature  and  their  BT  products  have  been 
treated  in  the  main  text. 
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As  far  as  Equation  A-9  is  concerned,  the  compression  gain  states  simply  , 
that  radiated  power  density  in  the  direction  of  maximum  intensity  is  directly 
proportional  to  the  total  number  MN  of  radiation  cells  in  a  given  volume. 

This  conclusion  is  independent  of  volume  involved.  In  other  words,  by  a 
given  design  procedure  and  a  given  set  of  constraining  parameters,  the  maximum 
number  of  radiation  cells  in  a  given  volume  is  limited.  Thus,  a  normalization 
by  the  volume  gives  the  general  expression  stating  that,  when  best  design 
considerations  are  given,  the  only  other  way  to  increase  compression  gains 
is  to  increase  the  array  volume.  This  conclusion  is  similar  to  a  planar  array 
whose  gain  in  spatial  angle  compression  is  directly  proportional  to  the  array 
area.  By  excluding  the  possibility  of  highly-reacti ve  supergain  consideration, 
the  only  way  to  increase  the  gain  of  a  planar  array  is  to  increase  its  effective 
area. 


Associated  with  the  field  compression  gain  is  an  array  of  related 
problems  such  as  possible  air  breakdowns,  minimum  practical  pulse  duration 
after  compression,  antenna  power  limits  of  each  radiation  cell,  practical 
antenna  size  and  arrangement,  etc.  These  problems  have  been  treated  to  a 
great  extent  in  appropriate  places  of  the  main  text  and  in  the  following 
append  I cies. 


« 
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APPENDIX  B 

DISPERSED  PULSE  MEASUREMENTS 


1.  INTRODUCTION 


The  primary  objective  of  the  following  antenna  measurements  is  to 
substantiate  theoretical  predictions  for  an  antenna  known  to  have  large 
operational  bandwidth  and  radiation  dispersion.  Generally,  the  experi¬ 
mental  methodology  in  meeting  this  objective  has  been  as  follows.  Taking 
the  theoretical  expression  for  the  BT  product  (which  has  been  given  in 
terms  of  antenna  parameters),  a  BT  product  value  for  an  antenna  which 
falls  into  the  class  covered  by  the  theory  is  predicted.  The  BT  product 
of  this  antenna  is  then  measured  and  compared  with  the  theoretical  value, 
thus  establishing  the  credibility  of  the  theory.  This  procedure  is 
considered  as  the  necessary  first  step  prior  to  construction  of  a 
prototype  for  maximum  BT  product  (not  a  specific  task  of  this  contract). 

It  is  important  to  realize  that  there  are  two  methods  by  which  the 
BT  product  for  an  antenna  may  be  determined  from  experimental  data.  One 
method  is  to  calculate  BT  directly  from  the  antennas'  impulse  response. 

The  other  method  is  to  compute  the  antenna  transfer  function,  determine 
the  complex  conjugate  waveform,  and  then  take  the  inverse  Fourier  trans¬ 
form  of  their  product  to  obtain  the  compressed  pulse.  In  the  latter  case, 
the  BT  product  would  be  given  by  the  ratio  of  peak  power  output  to 
peak  power  input  amplitude.  While  the  first  method  may  be  expected  to 
agree  more  closely  with  intuitive  prediction,  the  second  method  should 
give  a  more  realistic  measure  of  the  actual  pulse  compression.  The 
reason  is  that  the  first  method  ignores  amplitude  differentials  between 
the  maximum  of  the  conjugate  matched  input  signal  and  the  amplitudes 
at  highest  and  lowest  frequencies  (i.e.,  it  assumes  constant  input  pulse 
amplitude).  Transfer  function  determination  of  BT,  as  in  the  latter 
case,  does  provide  the  correct  evaluation  method.  For  this  reason,  it  is 
necessary  to  be  able  to  accurately  determine  the  antenna  transfer  function 
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from  measured  data.  The  manner  in  which  this  is  done,  therefore,  becomes 
important.  This  has  been  done  by  BDM  with  the  minimum  perturbing 
influences  by  using  a  replica  receiving  probe  and  impulsing  the  antenna. 
In  the  past,  dispersion  has  often  been  measured  by  using  a  supposedly 
identical  receive  and  transmit  antenna.  This  obviously  makes  the  deter¬ 
mination  of  the  transmit  antenna  transfer  function  more  complicated. 

Finally,  one-way  dispersion  measurements  allow  us  to  evaluate  two-way 
dispersion  (i.e.,  whether  the  dispersion  is,  indeed,  twice  as  long). 

2.  MEASUREMENT  SYSTEM 


The  measuring  system  to  determine  antenna  transfer  function  consisted 
of  high-voltage,  ultra-fast  pulse  instrumentation  and  an  antenna  range 
suitable  for  wideband  frequency  measurements. 

a.  Instrumentation 


An  operational  bandwidth  of  dc  to  11.5  GHz  has  been  assumed  in 
specifying  the  electronic  apparatus  in  order  to  insure  flat  system 
response  from  1»00  MHz  to  GHz,  the  range  over  which  measurements  were 
actually  made.  Circuit  operation,  shown  in  Figure  B-l,  is  as  follows. 
Pulses,  approximating  gaussian  distribution,  are  generated  by  the  IKOR 
Model  R  100  IMP  Generator  at  a  rate  of  250  pps .  These  pulses  have  rise 
and  fall  times  of  less  than  100  psec  and  -3  dB  pulse  widths  of  less  than 
150  psec,  hence  the  highest  useful  spectral  frequency  component  will  be 
somewhat  less  than  10  GHz  depending  on  system  losses.  Peak  pulse  ampli¬ 
tude  is  1  kV  into  50  ohms.  Since  there  is  no  pretrigger  available  on 
this  pulse  generator,  the  combination  of  a  trigger  pickoff  followed  by 
approximately  75  nsec  of  delay  line  is  used  to  start  the  sweep  on  the 
sampling  oscilloscope.  The  unavoidable  use  of  this  technique  does 
degrade  pulse  fidelity,  but  judicious  choice  of  these  components  keeps 
the  distortion  to  a  minimum.  The  trigger  pickoff  consists  of  an 
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Figure  B-l.  Experimental  Appara  us 


electrostatic  probe  which  is  capacitively  coupled  to  the  mt'ln  line.  The 

arnoun  o:  r  r 

^mount  of  coupling  is  adjustable  from  less  than  10  dB  to  greater  than  40  dB 
sg  Jjhat  perturbation  of  tbfimaln  pulse  car|  tjeroed^qsiqlmal..  Insertion 
loss  and  frequency  range  for  the  Telonic  Model  TS$-lt,qre  0.2  dB  and  l  MHz 
to  12.4  GHz,  respectively.  The  delay  line  is  approximately  42  feet  of 
3/8-inch  solid  aluminum  sheathed,  foamed  polyethylene  dielectric  coaxial 
cable  (Cablewave  Systems,  Inc.,  FXA  38-50).  Cutoff  frequency  for  this 
cable  is  12.5  GHz;  it  will  handle  peak  voltages  of  |,,7  kV.  Total 
attenuation  is  1.9  dB  at  1  GHz  and  8.6  dB  at  10  GHz.  The  pulse  is  then 
sampled  and  fed  to  the  antenna.  The  signal  sampler  was  a  6  dB  resistive 
power  divider  (Welnschel  Engineering,  Model  1506)  used  to  provide  a 
replica  of  the  antenna  feed  pulse.  The  bandwidth  of  this  device  is  dc  to 
10  GHz.  The  radiated  signal  was  monitored  in  the  far  field,  1  to  2 
meters  downrange  from  the  antenna,  by  a  two-centimeter  stub  monopole 
probe.  This  probe  was  chosen  because  of  its  ability  to  receive  very 
nearly  a  replica  of  the  transmitted  waveform.  Both  the  input  signal  and 

the  received  signal  were  displayed  simultaneously  on  the  oscilloscope 

% 

through  the  use  of  dual  channel  sampling,  and  were  photographically 
recorded.  This  system  was  used  for  both  dual  channel  sampling  and  time- 
domain  ref lec tome try  measurements.  As  a  sampler,  the  system  consisted 
of  the  following  Tektronix  components:  7704  mainframe,  7S12  combination 
TDR/Sampler  plug-in,  7S11  sampling  vertical  amplifier,  two  S-6  sampling 
heads  and  an  S-53  trigger  recognizer  head.  Overall,  this  system  is 
capable  of  displaying  pulses  having  risetimes  of  the  order  of  30  psec 
and  bandwidths  from  dc  to  11.5  GHz  at  -3  dB.  The  system  also  doubles  as 
a  TOR  unit  when  the  S-53  Is  replaced  by  an  S- 52  pulse  generator  head, 
having  a  risetime  of  45  psec. 

All  interconnecting  cable  was  FXA  38-50  (the  same  as  was  used  for 
the  delay  lines)  and  all  connectors  were  Type  N,  except  the  input 
connectors  to  the  sampling  oscilloscope  which  were  Type  SMA. 
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The  instrumentation  was  placed  inside  a  copper  screen  room  adjacent 
to  the  antenna  range.  The  actual  delay  lines  were  used  to  connect  to  the 
antenna  to  keep  system  losses  down. 

A  photograph  of  the  actual  instrumentation  is  shown  in  Figure  B-2  as 
seen  from  inside  the  screen  room. 

b.  Antenna  Range 

As  a  result  of  the  lowest  measured  frequency  being  400  MHz,  it  was 
possible  to  construct  the  antenna  range  in  a  cubical  volume  5*2  meters  on 
a  side.  With  these  dimensions,  it  was  possible  to  take  far-field  antenna 
measurements  and  eliminate  groundbounce  interference  from  the  long 
duration  received  pulse.  (The  far-field  criteria  are  established  in 
Section  4  of  this  appendix.) 

The  basic  relation  which  must  be  satisfied  in  order  that  the 
direct  signal  may  be  recorded  prior  to  the  arrival  of  any  reflections 
is  given  by 


where  c  is  the  speed  of  light  in  free  space;  T  is  the  duration  of  the 
transmitted  pulse;  *»  is  the  separation  distance  (on  boresight)  of  the 
transmit  and  receive  antennas,  respectively;  and  h  is  the  perpendicular 
distance  from  the  transmit  antenna  to  the  nearest  reflecting  surface, 
the  ground  in  this  case,  bince  the  maximum  received  pulse  duration  of 
the  antennas  tested  was  15  ns  and  since  the  antenna-probe  separation 
necessary  to  satisfy  the  far-field  criteria  was  found  to  be  1  meter, 
h  was  determined  to  be  2.6  meters.  Thus,  the  antenna  and  stub-monopole 
probe  were  placed  at  this  height  above  ground  In  the  working  volume. 
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Figure  B-2 .  Measurement  Instrumentation 


Originally,  wooden  mounts  were  used  for  the  antenna  and  probe,  but 
these  caused  severe  noise  problems  at  gigahertz  frequencies:  sharp 
wooden  obstructions  near  the  coaxial  feedlines  were  excellent  reflectors. 

To  alleviate  this  problem,  these  support  structures  were  made  of  styrocoam. 

3.  CALIBRATION 


In  order  to  insure  the  quality  of  measured  results  which  ultimately 
were  used  to  determine  the  antenna  transfer  function,  considerable 
emphasis  was  placed  upon  system  calibration.  Let  us  examine  in  some 
detail  the  problems  involved  in  accurate  experimental  determination  of 
the  antenna  transfer  function,  since  this  will  clearly  show  the  areas 
where  calibration  is  most  Important. 

In  principle,  the  antenna  transfer  function  H(w)  would  be  given 
by  its  impulse  response  as 

S(o>) - -  A”™NA - ►  G(u)  =  H (m)  S(u>) 

or 

H(oj)  ■  G(u)/S(u>)  =  G(u>) 


where  SU)  is  the  spectral  distribution  of  the  unit  impulse.  In  the 
present  set  of  measurements,  S(u>),  being  the  output  of  the  pulse 
generator,  is  certainly  not  a  unit  impulse.  Furthermore,  one  does  not 
measure  the  antenna  response  GU)  directly  because  of  the  presence  of  the 
probe  in  the  circuit.  The  actual  situation  is  characterized  as  follows: 


S(w) 


ANTENNA 
H  (uj) 


PROBE 

P(u) 


G2  (u>) 


we  find  that 


HU) 


G2U) 

sU)  P  (to) 
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Therefore,  correct  determination  of  the  antenna  transfer  function  can  only 
be  made  after  the  probe  transfer  function  has  been  determined.  This 
obviously  requires  that  the  probe  has  been  calibrated  by  S(u>)  as 

G  ,(w) 


If  the  probe  can  be  designed  to  produce  an  output  which  is  the  replica 
of  the  input  signal,  then  it  would  have  no  effect  on  the  input  signal 
and  its  presence  in  the  measuring  circuit  could  be  ignored.  Replica 
waveform  transmission  may  be  approached  in  practice  with  a  properly 
designed  stub-monopole  probe,  but  this  can  only  be  determined  by  separate 
tests . 

The  results  of  the  probe  analysis  will  therefore  be  presented  in  c. 
Drive  pulse  characteristics  will  be  discussed  in  b. 

Since  it  is  necessary  to  be  able  to  detect  the  effect  of  the  antenna 
alone  on  the  input  pulse  shape.  It  is  important  to  know  how  the  rest  of 
the  system  influences  these  quantities.  In  practice,  other  system 
components  such  as  interconnecting  coaxial  cables,  connectors,  delay  lines, 
and  attenuators  always  degrade  pulse  shape.  Time  domain  ref lectometry 
was,  therefore,  used  in  order  to  determine  system  losses  and  bandwidth 
limitations  so  that  their  influence  on  overall  dispersion  could  be 
determined.  This  is  discussed  in  a. 

a.  Time  Domain  Re  flee  tome  try  (TDR)  Circuit  Analysis 

The  measuring  circuit  was  analyzed  using  TDR  techniques  to 
identify  and  eliminate,  where  possible,  internal  component  reflections. 
These  measurements  were  made  for  the  basic  circuit  configuration  of 
Figure  B-3,  but  with  four  different  types  of  feed  terminations:  (1)  open 
feed;  (2)  feed  terminated  into  50  ohms;  (3)  with  stub-monopole  as  the 
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Figure  B-3.  Circuit  Configurations  for  TOR  Measurements 


load;  and  (4)  with  a  cavity-backed  spiral  antenna  as  the  load.  In  the  last 
configuration,  VSWR  and  input  impedance  w^re  measured  for  both  cavity- 
backed  spirals.  Finally,  delay  line  losses  and  overall  system  dispersion 
were  determined. 

(1 )  Open  Feed 

Figure  B-4  demonstrates  the  quality  of  the  circuit  feed  line 
up  to  the  antenna.  There  are  no  noticeable  reflections  arising  from 
circuit  connections  up  to  this  point,  until  the  reflection  at  the  open 
end. ' 


(2)  Feed  Terminated  into  50  Ohms 

In  Figure  B-5(a),  it  is  seen  that  the  system  is  matched  very 
well  at  50  ohms.  There  is  a  slight  discontinuity  at  the  connector  of 
the  50  ohm  termination  occurring  at  142  ns  after  pulse  initiation. 
Recalling  that  this  represents  the  two-way  transit  time  of  the  feed 
line,  it  is  understood  that  the  actual  time  of  occurrence  is  71  ns. 
.Figure  B-5(b)  shows  a  magnification  of  this  region.  The  mismatch  is 
caused  by  the  reduction  in  connector  size  from  Type  "N"  to  Type  “BNC" 
on  the  terminator. 


This  photograph  is  also  used  to  normalize  p,  the  reflection 
coefficient,  as  follows.  The  second  step,  caused  by  the  reflection  at 
the  open  feed  end,  represents  p  =  1.  Therefore,  from  the  photo  one  has 

p  =  kJ00  p  meas. 

where  kjQQ  -  4.44  is  the  scale  normalization  factor  on  the  100  mp/dtvi- 
sion  range.  It  has  been  determined  that  k)0Q  -  k^Q  -  k^,  and  that 

kio  “  ,3-3- 
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Figure  8-4.  TDR  of  Circuit  with  Open  Feed 


(a)  Feed  Terminated  into  50  ohms. 


(b)  Magnification  Showing 
Terminator  Reflection 


Figure  B-5.  Feed  Terminated  into  50  Ohms 
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(3)  Feed  Terminated  into  Stub  Honopole 


The  TOR  configuration  for  the  2  cm  stub  monopole  probe  was 
slightly  different  from  that  shown  In  Figure  B-3.  Here  the  actual  signal 
return  cable  (FXA- 38-50)  has  been  used  instead  of  the  original  delay 
line.  The  trigger  pickoff  has  also  been  removed  from  the  circuit.  The 
reason  for  this  change  was  to  analyze  the  probe  in  its  actual  in-circuit 
configuration. 

That  the  stub  monopole  appears  little  different  from  the 
open  feed  configuration  is  seen  by  comparing  Figure  B-6(a)  to  Figure  B-*4. 
The  actual  risetime  of  the  signal  return  circuit  containing  approximately 
i»5  ns  of  cable  plus  the  2.6  meter  long  probe  can  be  determined  from 
Figure  B-6(b).  It  is  seen  that  the  10  percent  to  90  percent  return  circuit 

risetime  is  about  200  ps,  Indicating  a  frequency  response  up  to  5  GHz. 

(I»)  Feed  Terminated  into  Cavity-Backed  Spiral  Antennas 
(a)  ASN  II7AA  S/N  107 

In  Figure  B-7(a),  the  first  step  duration  corresponds 
to  twice  the  delay  line  transit  time,  tpL.  The  second  step  is  the 
reflection  due  to  the  antenna,  again  twice  the  antenna  transit  time, 
t^y.  It  is  seen  that  t^y  ■  18  ns,  which  can  be  taken  as  the  upper 
limit  in  antenna  dispersion  duration. 

Figure  B-7(b)  shows  an  expanded  view  of  the  antenna 
region.  The  discontinuity  at  2.5  ns  is  believed  to  be  due  to  a 
reflection  from  the  transmission  line  termination  at  feed  point  on  the 
spiral  center. 


The  voltage  standing  wave  ratio  and  input  impedance 
of  this  antenna  are  found  to  be 


B-12 


(a)  Feed  Terminated  with  2  cm  Stub 
Monopole  Probe 


(b)  Risetime  of  Signal  Return  Circuit 
to  Determine  Overall  Frequency 
Response. 

Figure  B-6.  Feed  Terminated  into  Stub  Monopole 
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Figure  8-7(a).  TDR  of  System  Terminated  with  Cavity-Backed  Spiral 
ASN  I  I 7AA  S/N  107 


Figure  B-7(b). 


Expanded 


An  t 


View  of  Antenna 
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1  8  ns 
Region 


p'  =  kjQ  p  meas. 

VSWR  -  |~|  Cj-  *1.72 

'  _  I  P  I 

ZANT  Zol4f  "  (50)  (,#72)  ohmS  "  86  ohmS 
(b)  ASN  117AA  S/N  108 

In  Figure  B-8(a),  the  first  step  duration  is  twice  the 
return  cable  transit  time  t^.  The  second  step  represents  the  antenna 
characteristics  with  t^  *  17*5  ns.  The  large,  slowly  rising  pulse  in 
the  center  of  this  photograph  Is  due  to  re-ref  lection  of  the  incident 
pulse  after  high  frequency  losses. 

The  antenna  region  Is  shown  on  an  expanded  scale  in 
Figure  B-8(b).  This  antenna  was  found  to  have  the  following  character¬ 
istics: 


p'  *  k2Q  p  meas. 
VSWR  -  1.85 

-  92.5  ohms 

b.  IKOR  Pulse  Generator  Characteristics 


The  characteristics  of  the  IKOR  MODEL  RI00  IMP  Generator  were  measured 
from  the  photographs  shown  In  Figures  B-9(a)  and  (b)u: 

(1)  Risetime 

(10  percent  -  90  percent)  tr  -  175  ps 
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=  45  ns 
Ant 


Figure  B-8(a).  TDR  of  System  Terminated  into  Cavity-Backed  Spiral 
ASN  1 1 7AA  SN  I  08 


Figure  B— 8(b).  Expanded  View  of  Antenna  Region 
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(a)  IKOR  Pulse  Generator  Waveform 


(b)  Input  Pulse  Waveform  Showing 

Comples  Structure  Following  Main  Peak 


Figure  B-9.  IKOR  Pulse  Generator  Characteristics 
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(2)  Pulse  Width 


(-3  dB)  235  ps 

(3)  Pulse  Amplitude  1106  volts 

(540  mV  +  66  dB) 

(4)  Pulse  Repetition  Rate  250  pps 

As  can  be  seen  from  Figure  B-9(b),  this  pulse  does  have  a 
rather  complex  energy  distribution  with  a  secondary  maximum  of  about 
12  percent  of  the  peak  value.  Following  this,  the  amplitude  tends  toward 
zero  asymptotically  over  about  7  ns. 

c.  Stub  Monopole  Receiving  Probe 

A  considerable  experimental  effort  was  made  to  correctly  model  and 
determine  the  receiving  probe  characteristics.  It  is  desirable  that  this 
field  probe  should  produce  an  output  which  is  the  replica  of  the  trans¬ 
mitted  pulse.  Two  identical  probes  were  made  as  shown  in  Figure  B-10. 

The  two  probes  were  supported  vertically  by  styrofoam  stands  at  a 
separation  of  1  meter.  One  probe,  used  as  a  transmitting  antenna,  was 
impulsed  with  an  IKOR  pulse  generator  and  this  signal  was  measured 
using  the  record  probe  as  shown  in  Figure  B-U.  It  is  seen  that  the 
output  signal  From  the  receiving  probe  resembles  approximately  the 
derivative  of  the  input  pulse  waveform.  However,  it  Is  not  obvious 
whether  this  differentiation  occurs  at  the  transmitting  stub-monopole 
or  at  the  receiving  stub-monopole.  Clearly,  only  one  probe  is  taking 
the  derivative.  This  problem  was  resolved  as  follows.  It  is  known  that 
a  long  wire  over  a  ground  plane  transmits  a  replica  of  the  input  pulse. 

A  ground  plane  consisting  of  an  aluminum  disk  30  cm  in  diameter  was 
attached  to  the  transmitting  probe  outer  coax  and  wire  lengths  up  to 
60  cm  were  added  to  the  center  conductor  as  shown  in  Figure  B-12.  These 
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meters 


Figure  B-IO,  Stub-Monopole  Probe 
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(b^  Upper  Trace  is  the  Input  Pulse;  Lower  Trace  is 
Probe  Response  -  the  Derivative  of  the  Input  Pulse 
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measurements  clearly  show  that  as  the  center  conductor  becomes  longer,  the 
output  waveform  from  the  receiving  probe  approaches  a  replica  of  the  Input 
signal.  Furthermore,  this  means  that  the  receiving  probe  does  Indeed 
receive  a  replica  of  whatever  signal  was  transmitted.  Conversely,  when 
the  ground  plane  remains  on  the  transmitting  monopole  and  its  center 
conductor  is  shortened  to  2  cm,  then  the  response  Is  as  shown  In  Figure  B-13 
it  now  takes  two  derivatives  -  one  because  it  is  a  stub-monopole  over 
ground  plane  and  one  because  it  Is  used  as  the  transmitting  antenna. 
Reciprocity  is  seen  to  hold  In  Figure  B-lA  where  the  transmitting  and 
receiving  roles  are  reversed.  Here  the  stub-morwpole  takes  one  derivative 
on  transmit  and  the  stub-over-ground  plane,  being  a  derivative  sensor, 
takes  an  additional  derivative  upon  receive. 

In  conclusion,  the  short  stub-monopole  probe  can  receive  a  replica 
of  the  transmitted  waveform.  The  extent  to  which  this  probe  actually 
does  receive  a  replica,  of  course,  depends  upon  its  frequency  response 
and,  in  turn,  upon  stub  length,  diameter  and  capacitance.  As  indicated 
in  the  TOR  analysis,  this  2-cm  stub-monopole  has  a  response  to  about 
5  GHz.  In  measurements  Involving  several  transfer  functions  such  as  is 
always  the  case  in  antenna  transfer  function  measurements,  the  probe 
transfer  function  should  not  be  Ignored. 

4.  ANTENNA  TRANSFER  FUNCTION  MEASUREMENTS 


Prior  to  recording  the  dispersed  pulse  waveform  of  the  cavity- 
backed  spiral,  the  far-field  region  of  this  antenna  was  established. 
This  was  done  by  observing  the  rate  of  amplitude  decay  for  a  low 
frequency  component  of  the  dispersed  pulse  as  a  function  of  the  probe  - 
antenna  separation  distance.  The  far-field  region  was  taken  to  be  the 
distance  where  this  amplitude  began  to  fall  off  as  1/r.  This  region 
was  found  to  start  at  a  separation  of  about  75  cm.  The  separation 
distance  at  which  the  dispersed  pulse  measurements  were  actually  made 
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Response  of  a  2-cm  Monopole  to  a  Monopole  Over  Ground  Plane,  (a)  Measurement  configuration 
Unner  trace  shows  input  pulse;  lower  trace  is  the  replica  response  of  the  receive  probe  to 
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derivative  response  of  the  receive  probe.  Transmit  stub  monopole  transmits  the  derivative 
of  the  input  pulse. 


was  chosen  to  be  100  cm.  This  separation  distance  was  later  increased  to 
200  cm  when  using  two  cavi ty-backed  spirals. 

The  geometrical  arrangement  for  one-way  dispersion  measurements  is 
shown  in  Figure  P-15.  The  results  of  these  measurements  on  both  antennas 
are  shown  In  Figure  B- 16(a)  and  16(b),  for  S/N  107  and  108  respectively. 

From  Figure  B-I6(a),  it  can  be  seen  that  the  period  at  the  beginning  of 
the  dispersed  pulse  is  approximately  250  ps  corresponding  to  a  highest 
radiated  frequency  of  about  4  GHz.  This  pulse  has  the  character  of  an 
amplitude  and  frequency  modulated  waveform  which  decreases  in  frequency  as 
time  increases.  Total  time  duration  is  about  15  ns  at  which  time  the 
frequency  has  reduced  to  about  200  MHz  at  these  end  points,  pulse  ampli¬ 
tude  is  roughly  -20  dB. 

There  is  slight  variation  in  the  dispersion  between  the  two  antennas. 

In  the  past,  most  measurements  of  the  dispersion  have  been  performed 

using  two  identical  antennas  to  transmit  and  receive  the  pulse.  It  has 
2 

been  reported  that  in  this  case  the  pulse  is  dispersed  twice,  once  by 
each  antenna,  and  that  the  pulse  duration  is  therefore  twice  as  long  as 
that  given  by  a  single  antenna.  When  two-antenna  dispersion  was 
compared  with  single-antenna  dispersion  in  our  measurements,  this  was 
indeed  found  to  be  true. 


Paul  Van  Etten,  Rome  Air  Development  Center,  Griff Iss  Air  Force 
Base,  New  York,  private  communication. 


B-25 


k 

i 


t 


03 

I  “O 
03  — 
U  i/> 
<0  C 

a.  — 

0) 

OO  V- 

•  8 

_Q  Cl. 

O 


I 

to  * 

C  t- 
c  a> 
43  4-» 
*-*  0) 
a>  x 
c 

<  vX> 


eg 


1- 
0)  03 
1-  \_ 

O  — 
in  Q. 

03  t/> 

fl» 

X 

o 

c 

o  i- 

—  03 
in  *-> 

v-  c 
0)  <u 
a  o 

in 

—  O 

o  *-* 

>*  -C 

n>  "o  q. 

^  C  03 
I  D  »- 
d  O  a> 
C  *-  O 
O  C3  iJ 

o 

1-  03  -C 

O  >  Q- 
u-  O 
>  *- 

t <  8 

a)  *-*  ~o 
E  -c  ^ 

4)  OJ  3 

a»—  O 

c  a> 

03  x  u 

»-  03 

1 -  4-» 

<1-03 

4-» 

0)  <-»  — 
X  4)  in 

X  in 
0) 

u-  —  u 
O  03 
m  z 
5  — 

0)  •*-* 
—  C  -C 
>  O  a> 

<  •*-*  -J 


CD 

0) 


D 

O' 


B-26 


I 


p 


05  ' 
-C 


1/) 

05 

-Q  2 

o 

r— 

.c 

3 

~o  CO 

CL 

c 

LA 

<D  -C 

TJ 

— 

Q. 

0 

ro 

cn 

05 

r*-  i- 

1_ 

1_ 

O  CD 

i  05 

3 

—  o 

a 

05 

Z  4-< 

t/> 

•— 

\  o 

•— 

Ll 

CO  _c 

o 

Q_ 

-- — ' 

c 

<  sz 

c; 

<  o 

i/i 

c 

r-  o> 

c 

i 

—  LU 

O 

CL  _C 

z  c 

I/I 

CO 

10  — 

05 

< 

CC 

t/1 

- - 

05 

u 

4J 

—  ru 

C 

05 

05  i- 

05 

JD 

—  h- 

O 

i. 

l/» 

1_ 

CL  i- 

C 

CL 

CO  05 

05 

Q. 

C_ 

0) 

■o  ah 

a.  =5 

o 

05 

CL 

o  05 

jC 

o 

05  _C 

4J 

c 

CO  h- 

0 

1 

M 

2: 

>- 

LJ  • 

*“ 

-Q 

•—  > 

05 

3 

>  00 

o 

4-1 

05  O 

05 

CO 

o  — 

L- 

z 

\— 

E 

/-s  \ 

o 

05  CO 

L. 

1 

v~' 

05 

CM 

2 

< 

0 

05 

o  < 

u-  rs 

_J 

>* 

05 

_o 

in 

-C 

*->  z 

5— 

“O 

—  CO 

05 

3  < 

v_ 

l/l  — ' 

• 

3 

a) 

GO 

CO 

CC  — 

“O 

05 

05 

a 

C  5- 

o 

x. 

o  — 

—  Q. 

1 

c 

CO  CO 

05 

V. 

4-> 

_C 

a)  -o 

05 

:* 

Q-  OJ 
l/l 

05 

05 

—  o 

U1 

C 

a  05 

c 

GO 

3 

05 

05  1 

CL 

4-1 

c  > 

c 

C  4-» 

4-1 

< 

a)  — 

3 

*->  > 

a. 

05 

C  05 

c 

_C 

<  o 

4-1 

vO 

1 

CO 

05 

i_ 

3 

Ol 

B-27 


5.  OTHER  MEASURED  RESULTS 


In  addition  to  the  measurements  performed  at  BOM  for  ASN— 117  AA,  Mr. 
VanEtten  of  RADC  has  measured’  dispersion  pulses  of  other  antennas.  Some 
of  his  measured  data  are  included  here  for  reference  purposes. 

Figure  B—  1 7  shows  the  result  of  dispersion  by  APN-995B  when  it  was 
driven  by  the  time-derivative  of  an  "impulse."  Dispersive  response  of  this 
antenna  was  also  measured  by  use  of  an  "impulse."  Except  that  the  highest 
frequency  components  are  slightly  lower  than  those  shown  In  Figure  B-17, 
the  antenna  produced  almost  Identical  waveforms  for  both  the  "impulse" 
and  its  time  derivative. 

Figure  B-18  shows  an  "impulse"  that  was  applied  to  the  transmitter 
antenna  ASN-1232.  The  antenna's  dispersion  pulse  was  measured  by  a  stub- 
monopole  sensor  position  at  the  transml ttlng-antenna's  far  zone.  Similar 
measurements  for  APX-254  are  shown  In  Figure  B-20. 

Figure  B- 1 9  shows  dispersion  pulses  (0.4  ns/div  and.  1.0  ns/div)  of 
ASN- 1 1 6  A.  The  measurements  were  made  by  using  two  Identical  antennas: 
one  for  transmit  and  the  other  for  receive.  The  transmit  antenna  was 
driven  by  a  "unit-step"  pulse  instead  of  an  "impulse," 

Analyses  and  transfer  functions  of  these  antennas  are  given  In 
Appendix  C. 


VanEtten  Paul.  'Temporal-Spatial  Compression  Antennas,"  Technical  Report 
RADC-TR-73-179,  Rome  Air'  Development  Center,  Air  Force  Systems  Command, 
Griffiss  Air  Force  Base,  N.Y.,  September  1972. 
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)se  (2  ns/div)  With  Low- Frequency  Arms  Fully  Extended  (Furnished  by  RADC) 

Transmit  Antenna  APN-995B  and  Its  Dispersion  Pulse  Received 
by  a  Stub-Monopole  Sensor 


Figure  B- 1 8.  Transmit  Antenna  ASN-1232  and  Its  Dispersion  Pulse  Received  by  a  Stub-Monopole  Sensor 
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Figure  B-19.  Dispersion  Pulse  at  the  Recei ve-Antenna  Terminal  When  the  Transmit  Antenna  is 
Excited  by  a  "Unit-Step"  Pulse  (Two  Identical  Antennas  are  Used  for  Both 
Transmit  and  Receive) (Furnished  by  RADC) 
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(c)  Transmitted  Dispersion  Puise  (1  ns/di v) (Turn i shed  by  RADC) 

Figure  B-20.  Transmit  Antenna  APX-251*  and  Its  Dispersion  Pulse  Received  by  a  Stub-Monopole  Sensor 


APPENDIX  C 


TRANSFER  FUNCTION  AND  COMPRESSED 
PULSE  OF  DISPERSIVE  ANTENNAS 


1.  INTRODUCTION 


Dispersive  characteristics  of  wide  band  antennas  are  most  easily 
determined  by  measuring  their  responses  due  to  a  transient  input.  This 
appendix  is  intended  to  give  analyses  on  certain  measured  data  so  that 
measured  antennas  can  be  characterized  for  possible  pulse  compression 
appl ications. 

Six  antenna  responses  have  been  selected  for  digitization,  Fourier 
transformation,  and  dispersion  characterization.  These  antennas  are 
manufactured  by  the  American  Electronic  Laboratories,  Inc.  (AEL)  and  they 
are  briefly  summarized  as  follows: 


MODEL  (BY  AEL) 

TYPE 

FREQUENCY 

POLARIZATION 

APN-502A 

Pyramidal 

Log  Periodic 

0. 2-3.0  GHz 

Linear 

ASN-1 16A 

Cavity-Backed 

Spiral 

1  .0-10.0  GHz 

Circular 

ASN-1232A 

Cavity-Backed 

0. 2-4.0  GHz 

C i rcular 

APN-995B 

Cop  1  ana r 

Log  Periodic 

0.03-1.1  GHz 

Linear 

ASN-1  17AA 

Cavity-Backed 

Spiral 

0. 4-4.0  GHz 

Circular 

APX-254A 

Crossed  Planar 
.  Log  Periodic 

0. 4-4.0  GHz 

Linear 

Measurements  on  the  responses  of  these  antennas  are  described  in 
Appendix  B.  Only  digitized  results  presented  in  conjunction  with  analysis 
results  are  in  this  appendix.  Before  individual  antennas  are  considered, 
the  ideal  "impulse"  characteristics  are  to  be  discussed.  Finally,  con- 
elusions  will  be  drawn  after  a  measurement  probe  is  analyzed. 

2.  "IMPULSE"  FUNCTION  -  DRIVING  SOURCE 

Ideally,  the  driving  source  for  testing  a  dispersive  antenna  is  an 
impulse  that  would  have  flat  spectral  density  from  dc  to  indefinitely 
high  frequency.  Since  this  source  does  not  exist,  the  next  best  "impulse" 
is  to  have  significant  spectral  density  from  dc  to  whatever  highest  fre¬ 
quency  is  of  interest.  Figure  C-l  shows  one-half  of  an  "impulse"  that 
has  a  cutoff  duration  of  100  picosecond  (ps)  with  all  the  time  sidelobes 
40  dB  or  more  below  its  peak  value.  These  impulses  have  spectral  densities 
as  shown  in  Figure  C-2  where  the  10  GHz  component  is  about  6  dB  below  the 
dc  component.  If  an  impulse  has  a  cutoff  duration  of  1000  ps  or  1.0 
nanosecond  (ns)  the  -6  dB  bandwidth  would  be  approximately  from  dc  to 
1.0  GHz. 

Figure  03  shows  an  actual  impulse  whose  effective  cutoff  duration 
is  about  1.5  ns.  Its  spectral  density  gives  a  -6  dB  bandwidth  from  dc 
to  0.6  GHz  as  shown  in  Figure  C-4.  Unlike  that  of  Figure  C-2,  the  actual 
impulse  has  phase  angles  that  are  changing  with  the  frequency  as  shown 
in  Figure  05. 

3.  TRANSFER  FUNCTION  OF  CAVITY- BACKED  SPIRAL  ANTENNA  ASN-1232A 


For  the  driving  source  characterized  in  Figures  03  to  05,  the 
dispersed  pulse  for  antenna  ASN-1232A  is  given  in  Figure  C-6  where  the 
cutoff  duration  is  seen  to  be  about  65  ns.  Let  the  dispersed  pulse  be 
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igure  C-k.  Spectral  Amplitude  of  the  "Impulse"  Used  to  Drive  Antenna  ASU-1232A 


(Eq.  C-l) 


fj(t)  ■  Radiated  dispersion  when  antenna  is  driven 
by  the  actual  source  (see  Figure  03  for 
ASN-1232A). 

the  complex  spectral  density  is  defined  as 

m 

Fd(f)  ■  I  fdCt)  exp(-j2irft)dt  (Eq.  02) 

•  ^  OO 

-  |fdCt)|  exp(jifcd(f)) 

where  the  amplitude  of  spectral  density  for  the  time  function  in  Figure 
C-6  is  shown  in  Figure  07.  With  an  amplitude  reference  at  0.2  GHz,  the 
lowest  CW-specified  frequency  4.0  GHz  is  seen  to  have  dropped  to  about 
-40  dB.  Phase  angle  of  the  dispersed  putse  spectrum  is  seen  in  Figure 
C-8  to  have  approximately  log-periodic  nature  from  0.15  GHz  to  0.9  GHz. 
Both  spectra)  amplitude  and  phase  of  the  dispersed  pulse  have  indicated 
that  this  particular  antenna  radiates  expected  characteristics  only  from 
0.15  to  0.9  GHz.  Since  the  driving  source  (Figures  C-4  and  05)  is  affect¬ 
ing  the  dispersed  pulse,  it  is  desirable  to  eliminate  its  effects  so  that 
antenna  characteristics  can  be  obtained  independent  of  the  source.  Let 
source  function  in  the  frequency  domain  be  written  as 

S(f)  -  |S(f)|  exp (j 4>s (f ) )  (Eq.  03) 

the  antenna  transfer  function  becomes 

FaCf)  -  Fd(f)/S(f)  (Eq.  04) 

-  |  Fd  (f)/S(f)  |  exp(j(*d(f)  -  *s(f)) 

) 


09 


f 

Figure  C-9  shows  the  amplitude  of  the  ASN-1232A  transfer  function.  The 
extremely  high  response  around  2.1  GHz  is  caused  by  the  deep  null  existing 
(Figure  C-4)  in  the  source  and  should  be  considered  as  a  noise- induced 
result.  The  phase  angle  of  the  transfer  function  is  shown  in  Figure  C-10 
where  large  deviations  from  log-periodic  nature  take  place  around  1.9  GHz 
and  3.0  GHz.  Since  deep  nulls  are  also  observed  at  1.9  and  3.0  GHz  in 
Figure  C-9,  it  appears  that  the  particular  antenna  used  in  the  measure¬ 
ments  has  defects  around  the  two  frequency  bands.  Except  for  these  two 
bands,  the  overall  antenna  transfer  function  is  seen  in  Figures  C-9  and 
C-10  to  have  a  fairly  flat  amplitude  and  log-periodic  phase  from  0.15 
GHz  to  3.9  GHz. 

4.  TRANSFER  FUNCTION  OF  CAVITY-BACKED  SPIRAL  ANTENNA  ASN-117AA 

Characteristics  of  this  antenna  were  processed  the  same  way  as  those 
of  the  previously  discussed  antenna.  Figure  C-ll  shows  the  driving  source 
with  a  truncation  at  about  6  ns.  its  spectral  amplitude  and  phase  are 
shown  in  Figures  C-12  and  C- 13-  They  show  that  the  pulse  has  a  (-20  dB) 
bandwidth  of  about  1.8  GHz.  Significant  spectral  nulls  occur  about  2.7 
GHz  and  3*3  GHz.  As  a  result,  one  anticipates  that  the  transfer  function 
of  test  antenna  cannot  be  accurately  evaluated  near  these  nulls. 

The  radiated  dispersion  pulse  is  shown  in  Figure  C-14  where  the 
-10  dB  duration  is  seen  to  be  about  14  ns.  The  peak  spectral  component 
of  the  dispersed  pulse  is  seen  to  be  about  1  GHz  in  Figure  C- 15.  Figure 
C- 1 6  shows  that  log-periodic  nature  is  maintained  from  0.14  GHz  to  3.6 
GHz.  By  dividing  the  complex  spectrum  of  a  dispersed  pulse  by  that  of  a 
driving  source,  the  antenna  transfer  function  amplitude  and  phase  are 
given  in  Figures  C-17  and  C-18.  Making  use  of  the  spectral  amplitude  at 
2  GHz  as  a  reference,  the  -10  dB  bandwidth  is  approximately  from  0.35  to 
3.7  GHz. 


C-12 


-20. 


Figure  C - ! 5 .  Spectra'  Density  Amolitude  of  f  (f)  for  Fig. 


5.  COMPRESSED  PULSE  OF  CAVITY-BACKED  SPIRAL  ANTENNA  ASN-116A 


Two  identical  antennas  ASN-116A  were  used  for  both  transmission  and 
reception.  The  transmitting  antenna  was  driven  by  a  step  pulse  which  is 
approximately  the  same  as  the  integrated  pulse  of  the  one  shown  in  Figure 
C-3.  The  output  of  the  receiving  antenna  is  shown  in  Figure  C- 19.  The 
light  solid  trace  in  Figure  C-20  is  the  Fourier  transform  of  the  measured 
dispersion  pulse.  The  heavy,  solid  trace  is  the  two  antenna  response 
estimated  by  assuming  a  corresponding  "impulse"  was  used.  The  dashed 
trace  is  the  estimated  response  for  a  single  antenna  used  in  radiation 
only.  (See  Reference  8  for  discussions  on  transfer  functions.) 

The  phase  angle  for  the  two-antenna  response  using  a  step  function 
is  given  in  Figure  C-21  from  which  the  relative  phase  4 d>Cf )  is  shown  in 
the  solid  curve  of  Figure  C-22.  The  phase  angle  for  single-antenna 
response  to  an  "impulse"  is  also  shown  as  2$(f). 

From  the  available  response  data  by  a  "step  function,"  the  perfect- 
impulse  response  for  a  single-antenna  reception  is  estimated  as  shown  in 
Figure  C-23.  The  -IQ  dB  bandwidth  Is  approximately  from  0.67  GHz  to 
6.2  GHs.  Assuming  that  antenna  ASN-II6A  has  spectral  amplitude  distribu¬ 
ted  as  shown  in  Figure  C-23,  an  application  of  conjugate-matched  filter 
concepts  would  give  a  compressed  pulse  as  shown  in  Figure  C-24. 

It  is  noted  that  the  driving  pulse  for  ASN-1I6A  was  not  recorded 
for  processing.  Therefore,  the  antenna  characteristics  obtained  here 
should  be  trer1*  nt  being  numerically  rigorous. 

6.  TRANSFER  FUMCT  >y*QF  CROSSED  PLANAR  LOG-PERIODIC  DIPOLES  APX-25AA 

Figures  C-25  to  C-27  give  driving  source  characteristics  associated 
with  measurements  for  antenna  APX-254A.  The  spectral  components  drop 
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atlve  Spectral  Distribution  of  the  Response  In  Figure  C-19 
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Figure  C-22.  Relative  Phase  Angies  of  the  ASN-116A  Cavity-Backed  Spiral  Antenna 


Figure  C-2A.  Compressed  Radiation  Pulse  of  an  Assumed  Amplitude 

Distribution  in  Fig.  C-23  (Under  Matched-Filter  Conditions) 


below  -20  dB  for  frequencies  higher  then  0.83  GHz  and  below  -40  dB  for 
frequencies  higher  than  1.5  GHz..  The  dispersad  pulse  characteristics  are 
given  In  Figures  C-28  to  C-30.  Because  of  the  extremely  small  amplitude  for 
high  frequencies  in  the  driving  source,  it  is  not  surprising  to  see  that 
the  dispersed  pulse  has  meaningful  spectral  distribution  only  for  fre¬ 
quencies  less  than  0.8  GHz.  The  transfer  function  shown  in  Figures  C-31 
and  C-32  has  not  improved  significantly  by  normalization  with  the  driving 
source  function.  The  -10  dB  bandwidth  of  antenna  APX-254A  appears  to  be 
from  0.13  GHz  to  1 .08  GHz.  The  log-periodic  phase  is  exhibited  only  from 
0.14  GHz  to  0.8  GHz. 

The  source  used  for  this  antenna  should  be  considered  inadequate 
for  the  test  antenna  whose  CW-specifled  highest  frequency  is  4  GHz. 

7.  TRANSFER  FUNCTION  OF  PLANAR  LOG-PERIODIC  DIPOLES  APN-995B 

The  inadequacy  of  the  driving  pulse  can  be  somewhat  improved  by  taking 
a  time  derivative  of  the  pulse  similar  to  that  shown  in  Figure  C-3. 

Figures  C-33  to  C-35  give  the  driving  source  characteristics  of  a  "doublet" 
used  for  APN-995B.  The  dispersed  radiation  characteristics  are  shown  in 
Figures  C-36  to  C-38.  The  -10  dB  dispersive  response  is  about  from  0.075 
GHz  to  1.1  GHz.  and  the  log-periodic  nature  holds  from  0.05  GHz  to  1.1  GHz. 

The  transfer  characteristics  are  shown  in  Figures  C-39  and  C-40. 

The  -10  dB  bandwidth  referred  to  2  GHz  is  approximately  0.03  GHz  to  4.0 
GHz  and  higher,  except  for  those  deep  nulls  caused  by  imperfect  pulser 
and  antenna.  When  the  inverse  Fourier  transform  is  performed  on  the 
complex  transfer  function,  the  time-domain  dispersion  of  Figure  C-41  can 
be  considered  as  approximately  the  response  of  a  perfect  impulse  driving 
source.  Strictly  speaking,  the  "doublet"  driving  pulse  is  still  inade¬ 
quate  for  the  test  antenna,  if  the  test  antenna  is  of  log-periodic  and 
constant  spectrum  amplitude  up  to  4  GHz.  it  *s  expected  that  the  early- 
time  response  of  Figure  C-41  would  be  altered. 
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Doublet'  Used  to  Drive  Antenna  APN-995B 
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Figure  C-3*.  Spectral  Amplitude  of  the  "Doublet"  Used  to  Drive  Antenna  APN-995B 
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Figure  C-i»l .  Dispersion  Pulse  of  APN-99B  If  It  Were  Driven  by  a  Perfect  Impulse 


8.  COMPRESSED  PULSE  OF  PYRAMIDAL  LOG-PERIODIC  ANTENNA  APN-502A 


When  APN-502A  was  driven  by  an  "impulse"  similar  to  that  of  Figure 
C-3»  the  dispersed  radiation  was  measured  as  shown  in  Figure  C-42. 

Assuming  that  the  driving  source  was  a  perfect  impulse,  the  HO  dB  band¬ 
width  of  the  antenna  is  1.31  GHz  as  shown  in  Figures  C-43  and  C-44  for 
the  dispersion  characteristics.  Considering  the  inadequacy  of  the  driving 
source,  the  -10  dB  bandwidth  appears  to  cover  0.14  to  3.0  GHz,  and  the 
phase  angle  should  be  similar  to  the  straight  dashed  line  in  Figure  C-45 
where  the  solid  curve  is  the  actual  plot  of  the  phase  angle  in  Figure  C-44. 

If  the  distributions  of  Figures  C-43  and  C-44  were  conjugate-matched 
by  a  dispersed  pulse  with  the  low  frequencies  arriving  first  and  the  high 
frequencies  arriving  last,  the  compressed  pulse  would  be  proportional  to 
the  pulse  shown  in  Figure  C-46. 

9.  ANALYSIS  OF  MEASUREMENT  PROBE 


Except  for  the  cavity-backed  spiral  antenna  ASN-I16A,  ail  the  antennas 
described  above  are  measured  by  a  "monopole"  stub  for  their  radiated  dis¬ 
persion.  The  stub  probe  is  described  in  Appendix  B  where  a  particular 
stub  length  of  2  cm  was  used  extensively  for  the  antenna  ASN-I17AA.  The 
following  gives  a  brief  analysis  of  this  type  of  probe. 

Figure  C-47  is  an  input  impulse  for  a  transmitting  stub.  The  spectral 
amplitude  and  phase  are  shown  in  Figures  C-48  and  C-49.  It  was  established 
in  Appendix  B  that  the  transmitting  stub  produces  a  time  derivative  on  its 
input  pulse,  and  that  an  identical  receiving  probe  receives  a  replica  of 
the  transmitted  pulse  as  shown  in  Figure  C-50.  Let  the  probe's  receiving 
function  be  H(f),  then  the  complex  response  of  Figures  C-51  and  C-$2  may 
be  designated  Rff)  as 


(-13*  log  (f)  +  114.5*) 


Figure  C-45.  Relative  Phase  Angle  Obtained  from  Figure  C-44 
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Figure  C-*»7.  Input  Pulse  of  a  Transmitting  Test  Probe  with  2  cm  Center 
Conductor  Stub 


Figure  C-50.  Received  Pulse  of  an  Identical  Probe  Placed  1  m  from  the 
Transmitting  Probe  Driven  by  the  Pulse  in  Figure  C-47 


Rtf)  -  S(f)  Ij2»fH(f)JH|f) 


(Eq.  C-5) 
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where  S(f)  is  the  impulse  function  given  by  Figures  C-48  end  C-49.  The 
term  J2irfH(f)  represent  the  probe's  transmitting  function.  Since  the 
function  H(f)  is  of  primary  interest  to  characterize  the  receiving  probe 
for  dispersion  measurements,  Equation  C-5  is  rewritten  as 

J2irfH2(f)  -  R(f)/S(f)  (Eq.  C-6) 

The  amplitude  and  phase  of  the  above  expression  are  shown  in  Figures  C-53 
and  C-54.  Well-behaved  amplitude  and  phase  for  frequencies  less  than  1.6 
GHz  indicate  that  the  probe  is  useful  in  this  frequency  range  for  the 
driving  pulse  used.  For  frequencies  higher  than  1.6  GHz,  the  probes' 
noisy  responses  are  due  to  the  lack  of  source  energy  as  can  be  Identified 
In  Figure  C-48. 

Should  an  ideal  impulse  be  used  for  the  test  probes,  the  response 
defined  in  Equation  C-6  could  produce  useful  data  to  as  high  as  7.5  GHz, 
because  the  probe's  stub  length  of  2  cm  corresponds  to  a  resonance  fre¬ 
quency  of  7*5  GHz.  These  types  of  source-) imi ted  test  results  are  the 
same  as  those  data  analyzed  for  the  six  test  antennas  discussed  earlier. 
Thus,  one  ls*1ed  to  the  conclusion  that  the  probe  used  is  adequate  for 
the  chosen  source,  although  a  satisfactory  probe  performance  up  to  7.5 
GHz  has  not  been  established. 
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APPENDIX  D 


ANALYTICAL  FORMULATION  OF  RADIATION  ELEMENTS 

1.  INTRODUCTION 


Existing  wide  band  or  log-periodic  antennas  are  known  to  radiate 
frequency  spectra  centered  around  elements  of  different  lengths.  Either 
geometric*!  locations  or  spectral  locations  from  which  radiations  are 
centered  are  called  radiation  regions  of  an  antenna.  If  the  antenna 
was  driven  by  an  ideal  impulse  source,  it  would  be  analytically  possible 
to  describe  radiations  from  each  individual  active  region.  The  radiated 
pulse  of  each  active  region  can  be  treated  as  a  wave  packet  oscillating 
at  the  central  frequency  of  the  region.  The  pulse  envelope  will  vary 
in  width  and  be  displaced  in  time  depending  on  how  active  regions  are 
relatively  distributed. 

\ 

The  objectives  of  analyzing  the  dispersed  pulses  of  various  active 
regions  are  as  follows: 

(1)  Analytically  determine  the  complex  frequency-domain  distribution 
to  approximate  a  realistic  antenna. 

(2)  Analytically  establish  the  bandwidth  and  phase  angle  of  active 
regions  to  approximate  the  radiation  mechanisms  of  antenna 
elements. 

(3)  Determine  time-domain  radiation  characteristics  and  relative 
delay  times  of  al)  antenna  elements. 

(4)  Determine  overall  time-domain  dispersed  pulse  of  an  antenna 
by  superposing  all  dispersed  pulses  of  active  regions. 
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In  relation  to  the  ibove  objectives,  the  purpose  of  this  analysis 
can  be  stated  as  follows: 

(1)  To  enable  overall  evaluation  of  a  dispersive  antenna  on  charac¬ 
teristics  such  as  total  effective  bandwidth,  total  effective 
pulse  duration  phase  velocity  and  group  velocity  of  all  fre¬ 
quency  components. 

(2)  To  enable  analysis  of  each  active  region  on  characteristics 
such  as  percentage  bandwidth  and  percentage  duration  of  wave 
packets. 

(3)  To  enable  determination  of  relative  delay  times  and  relative 
efficiency  in  contributing  to  desired  pulse  compression. 

(4)  To  enable  characterization  of  overall  dispersed  pulse  in  terms 
of  composite  radiation  from  all  active  regions. 

The  following  analysis  will  be  restricted  to  the  analytical  model 
of  log-periodic  antennas  and  quadratic- phase  antennas. 

2.  FREQUENCY -DOHA IN  MODEL  OF  LOG-PERIODIC  ANTENNAS 

Let  a  log-periodic  antenna  have  a  total  of  N  radiation  elements  or 

regions.  Let  the  highest  and  the  lowest  frequencies  of  interest  be  f^ 

and  f| ,  respectively,  if  a  fractional  cutoff  bandwidth  of  each  active 

region  is  assumed  to  be  the  same  as  25,  then  the  central  frequency  may 

be  designated  as  f  to  relate  the  high-end  and  low-end  cutoff  frequencies 

no 

as 


nh  *  «  *  «  'no 

(Eq.  D-l ) 

nt  •<'-«>  'no 

(Eq.  0-2) 

0-2 


f  -  the  central  frequency  of  the  n^  active  region.  (Eq.  D-3) 
no 

By  treating  active  regions  In  descending  order  of  frequency,  the 
first  high-end  frequency  f.s  is  the  same  as  the  highest  cutoff  frequency 
fh  of  the  whole  antenna,  i.e., 

f|h  -  fh  -  0  +  «)  flo  (Eq.  0-4) 

fu  -  0  -  a)  flo.  (Eq.  D-5) 

The  ntfl  central  frequency  of  a  log-periodic  antenna  is  assigned  in  rela¬ 
tion  to  f^  as 

fno  “  fh  (I  *  fi)’n  “  fIo  (1  +  4>’(n  "  to*  D“6> 

The  last  active  region  is  at  the  lowest  end  of  the  frequency  spectrum  as 

f  -  f.  (1  +  6)”N  (Eq.  D-7) 

No  h 

fKh  '  (l  *  S)  fNo  ‘  fh  (l  +  5)  <N  "  "  (Eq‘  D"8) 

fNt  '  0  '  «>  fNo  "  fr  (Eq-  D-8> 

If  the  fractional  bandwidth  26,  the  highest-end  central  frequency  fj, 
and  the  lowest-end  central  frequency  f^  are  known,  the  total  number  of 
active  regions  could  be  determined  as 


The  complex  spectral  distribution  of  a  log-periodic  antenna  is  con¬ 
sidered  next.  Assuming  that  the  amplitude  is  fairly  constant  around  the 
center  of  operating  frequencies,  it  is  realistic  to  assume  that  the 
amplitudes  at  both  high-  and  low-end  cut  off  frequencies  are  about  20  dB 
below  that  at  the  center.  As  for  phase  angles,  the  highest  central 
frequency  may  be  assumed  to  be  the  reference  component  with  zero  phase 
angle.  Phase  angles  of  other  components  are  then  assumed  to  be  a  loga¬ 
rithmic  function  of  frequency.  In  approximating  these  assumptions,  the 
complex  spectral  distributions  of  all  active  regions  may  be  written  for  a 
radiated  electric  field  as 


E„(ro'f) 
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(Eq.  D-l  0) 


•  exp  |^jtrln(f/fh)/tn(l  +  6)J  ,  fnt  ^fnh 

fo"(fh+f*)/2  (Eq.  D-U) 

where  fQ  is  the  center  frequency  of  the  antenna,  rQ  is  the  far-zone 
distance,  and  k  is  a  constant  dependent  of  the  current  on  antennas  The 
electric  field  is  written  for  a  log-periodic  antenna  of  pure  dipole  modes. 
For  every  n,  the  active  region  is  restricted  in  the  frequency  ranges  as 
shown. 
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The  phase  angle  in  Equation  0-10  may  ba  rewritten  as 


♦  (f)  ■  j*Mf/fh)/Ml  ♦  6) 

-  Jwltn(f/fNo)/ln(l  +  8)  -  N] 

-  ♦<,(f)  *  JNir  (Eq.  D-12) 


where  ♦(f)  is  plotted  in  Figure  D-l  for  8  ■  0.2  and  N  -  13.  For 

■  2  GHz  and  ft»  0. 1 558  GHz,  the  following  table  gives  the  center 

frequencies  f  ,  the  high-cutoff  frequencies  f  .  and  the  low-cutoff 
no  nn 

frequencies  f  for  13  radiative  regions 

TABLE  0-1 

LIST  OF  RADIATIVE  REGIONS 


REGION 

fno 

fnh 

'nil 

1 

1 .667E+09 

2.000E+09 

1 .389E+09 

2 

1.389E+09 

1.667E+09 

U57E+09 

3 

1 . 1 57E+09 

1.389E+09 

9. 645 E+08 

4 

9.645E+08 

1.157E+09 

8.038E+08 

5 

8.038E+08 

9.645E408 

6.698E+O8 

6 

6.698E+O8 

8.038E+08 

5.582E+08 

7 

5.582E+08 

6.698E+O8 

4.651 E+08 

8 

4.651 E+08 

5.582E+08 

3.876E+08 

9 

3.876E+08 

% 

4.651 E+08 

3.230E+08 

10 

3.230E+08 

3.876E*-08 

2. 692 E+08 

II 

2.692E+08 

3 . 230E+08 

2.243E+08 

12 

2.243E+08 

2.692E+08 

1 .869E+08 

13 

1 .869E+08 

2. 24 3 E+08 

1.558E+08 
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Sunning  all  the  radiation  regions  in  Equation  D-10  gives  the  tog** 
periodic  antenna  frequency-domain  as 

13 

E  (rQ,f)  ■  2  En  ^ro’f^  eXp  ^Eq*  D’13^ 

n-1 

The  spectra)  amplitude  and  phase  angle  are  plotted  In  Figures  D-2  and  D-3. 

The  analytical  model  for  a  log-periodic  antenna  is  universally 
applicable  to  ail  practical  log-periodic  antennas  such  as  log-periodic 
dipoles,  pyramidal  log-periodic  dipoles,  cavity-backed  spirals  and  conical 
helix  antennas.  Most  of  these  antennas  have  been  measured  and  analyzed 
as  given  in  Appendix  B.  Their  phase  angles  maintain  well  behaved  log- 
periodic  natures  depending  on  the  elemental  bandwidth  £  .  Because  of 
source-limited  measurements,  most  antennas  did  not  show  log-periodic 
phases  for  all  their  CW-specI fled  bandwidth.  However,  the  available 
measured  data  have  confirmed  that  the  analytical  model  developed  here  is 
accurate  for  all  wel 1 -designed  antennas.  To  use  the  model  requires 
specifying  the  lowest  and  highest  cutoff  frequencies  (f^,fh)  and  the 
fractional  elemental  bandwidth  6  as  used  in  Equations  D-10  and  D— 13. 

3.  LOG-PERIODIC  PHASE  ANGLE  AND  MODULATION 


Phase  angles  are  to  be  derived  from  a  general  form  by  assigning 
(f4,  f^,  6,  N)  for  log-periodic  antennas.  Results  will  then  be  used  to 
derive  instantaneous  frequency,  group  delay,  total  bandwidth  and  total 
duration  of  dispersion., 

Let  a  log-periodic  antenna  have  within  its  operating  bandwidth  a 
phase  angle  as 


♦(f)  ■  a  +  b  £n(f) 


(Eq.  D-14) 
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where  a  and  b  are  determined  by  the  lowest  cutoff  frequency  f£  and  the 
highest  cutoff  frequency  f^  as 

♦(fh)  -  o  -  a  +  b  tn(fh>  (Eq.  0-15) 

♦  (f^)  •  -(N  +  1  )ir  -  a  +  b  An  (f£)  (Eq.  D- 16) 

The  phase  angle  at  fA  Is  made  log  (N  +  1 ) ir  with  respect  to  the  f^ 
component.  The  number  N  designates  total  radiative  regions  of  an 
antenna.  When  the  cutoff  fractional  bandwidth  of  each  radiative  region  is 
assigned  26  around  respective  center  frequencies,  the  solution  of  b  can 
be  obtained  from  the  above  two  equations. 

b  -  ((N  .  l).)/ln  (fh/ft)  -  {)  (Eq.  D-17) 

Consequently,  the  three  parameters  (f^,  f£,  6)  specify  the  phase  function 

<fr(f)  -  (ir£n(f/fh))/An  (1  +  6)  (Eq.  D-1 8) 

Since  the  spectral  group  delay  time  is  defined  as 

*  ■  27  df  "  27  "  2f An  o  +  6)  (Eq.  0-19) 

The  solution  for  instantaneous  frequency  Is 

f  "  2tAn  (1  +  6)  (Ec»‘  D-2°) 
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This  gives  the  phase-modulat  function  of  the  corresponding  complex 
time  function  of  a  log-periodic  antenna  as 

6(t)  -  2irf t  -  ♦(f)  (Eq.  D-21) 

_  irJtn(tf.  tn(l  +  d)*) 

«  n 

Jtn  (l  ♦  d)  in  (I  +  6) 


For  a  highly  dispersive  antenna,  Its  effective  fractional  bandwidth 
d  of  a  radiation  region  is  in  the  neighborhood  of  0.1  or  less. 

Assuming  d  is  much  less  than  0.1,  Equation  D-20  would  become 

f  -  1ST  (E"-  D-22> 

fh  fh 

"  2t  {f hd>  '  2tT^ 

•aTT7T-TTT7 


where  (b£,  t  )  are  the  effective  elemental  bandwidth  of  the  lowest  and 
the  highest  radiation  regions.  Letting  (t^,  t£)  be  the  group  delays  of  the 
(f^,  f < )  components.  Equation  D-22  gives 
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XX 


(Eq.  D— 23) 


2tE  b» 


♦  \\ 


(Eq.  0-24) 
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where  the  dispersion  pulse  duration  is  defined  as 


T 


tt* 


(Eq.  0-25) 


if  the  group  delay  t^  is  much  smaller  than  t£.  For  the  convenience  of 
later  discussions,  the  results  of  constant  elemental  bandwidth  and  group- 
delay  time  product  are  rewritten  as 

Tbi  *  'i  bt  -  'h  bh  - 1/2  (E<|-  °’26) 


k.  TIHj-DOMAIN  MODEL  OF  L06-PEM001C  AHTENNAS 


For  each  active  region  in  Equation  0-10,  there  corresponds  a  wave 
packet  modulated  by  the  center  frequency  of  the  region.  The  phase  angle 
can  be  locally  linearized  In  each  radiation  region  as 


*  £n(1  +  s)  [ 


t"(f  )  j 

r2-  (f  -  f „>  +  '  ’  ' 


no' 


,  (Eq.  D— 27) 


where  f  are  defined  in  Equation  D-6.  The  phase  delay  for  each  spectral 
group  of  a  radiative  region  is 


♦  (f)  -  (ir£n(f  /f.))/tn(l  +  6)  (Eq.  D-28) 

no  no  n 
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If  the  spectral  amplitude  Is  unity  across  the  entire  bandwidth,  the 
radiated  pulse  from  each  radiative  region  Is  approximately 


e  It) 
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v 


sin 


*wfnoSt  ~  nif) 

ir(f  fit  -  n) 
no 


exp(J2irfnot) 


(Eq.  0-29) 


«fh 

(I  +  «)" 


sin  ir( — ~  -n) 

- -t  6^n - exp  (j2wf.(l  +  6)“nt) 

ir(f^tfi(l  +  6)  -n) 


where  f  *  f .  / ( I  +  6)n  Is  used  with  f.  as  the  highest  cutoff  frequency, 
no  n  n 

The  total  radiated  pulse  from  a  log-periodic  antenna  with  unity  spectral 
density  is  obtained  as 


e(t)  = 


sin  it  (a  t  -  n) 

'XP  <J2»a„t/5) 
n 


(Eq.  0-30) 


,  6fh 

°  (I  +  fi)° 


N 


An(fh/fNo> 
tn(T  TTT 


where  N  is  the  nearest  integer  when  the  center  frequency  of  the  lowest 
radiative  region  is  chosen  to  be  fNo’ 


0-10 


Instead  of  assuming  a  uniform  spectral  amplitude,  the  distribution  as 
given  in  Equation  D— 1 3  and  shown  in  Figures  D-2  and  D-3  is  used  to  produce 
the  total  dispersed  pulse  of  the  antenna.  Figure  D-4  is  the  result  of 
dispersive  radiation  due  to  13  regions.  When  the  13  regions  are  treated 
separately,  their  radiated  pulses  are  obtained  as  shown  in  Figure  D-5 
through  0-17.  Their  envelope  peaks  are  delayed  by  the  amount  of  time 
obtainable  from  using  Equation  0-19  as 

t  -  1/2  f  ln(l  +  6)  (Eq.  0-31) 

n  no 

where  f  are  listed  in  Table  D-l  and  6  =  0.1  Is  used, 
no 

It  can  be  seen  that,  despite  symmetrical  weighting  ast  shown  in 
Figure  D-2,  the  first  region  radiates  a  higher  peak  field  than  any  of 
those  radiated  by  Regions  4  to  13.  If  the  antennas  were  driven  by 
conjugate-matched  current;  its  compressed  peak-field  intensity  would 
have  about  50  percent  contributed  by  active  Elements  2  and  3,  and  about 
36  percent  contributed  by  Elements  1  and  4.  The  remaining  14  percent 
of  the  field  would  be  contributed  by  Elements  5  to  13.  As  a  result;  the 
first  four  elements  occupying  a  very  small  fraction  of  antenna  aperture 
would  be  contributing  to  86  percent  of  the  compressed  field. 

These  results  have  indicated  a  need  to  redistribute  complex  spectra 
of  future  antenna  designs  for  pulse  compression  purposes. 

5.  C OH PL EX  SPECTRUM  OF  QUADRATIC-PHASE  ANTENNAS 

Quadratic-phase  antennas  may  be  considered  as  the  radiators  that  have 
instantaneous  frequencies,  changing  linearly  with  time.  Their  radiation 
parameters  are  described  in  the  following  paragraphs  although  actual 
operational  antennas  are  not  known  to  exist. 
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Let  (f,,  f^)  be  the  cutoff  limits  of  a  bandwidth  and  fQ  be  the 
center  frequency.  Assune  there  are  N  radiation  elements,  each  of  which 
has  an  elemental  bandwidth  b,  then  the  following  relationships  hold  as 

f  ■  f.  -  nb 
no  h 

N  +  1  -  (fh  -  f4)/b 

fo  “  <f*  +  V'2 


(Eq.  D-32) 
(Eq.  D-33) 
(Eq.  D-3*0 


Assuming  an  antenna  that  radiates  a  dispersed  pulse  centered  at 
time  t  ,  and  that  Its  filter  function  has  a  unity  spectra)  amplitude  at 
frequency  f  ,  then  the  radiated  dispersion  spectrum  can  be  written  similar 
to  Equation  0-10  as 


E„<V  f) 


f?  [  °-5* + °-w  “»  tHsI 

.  ♦  o.H  -rrr7^J 


(Eq.  D-35) 


1/2 


•  exp  I  —  J  2ir  (f  - 


foK 


+  j*<f  -  f 


)2/u  - 


J2irf  t 
o  o 


]■ 


for  Eru-E-Enh 


The  composite  complex  spectrum  is  the  sum  of  ail  radiation  regions 

N 

Etr°’  f>  "  2  En(ro»  f)  "  lE(ro»  f)l  Uq.  D-36 

n-i 
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This  quadratic  phase  characteristic  has  been  widely  discussed  in  many 
texts  and  papers  concerning  pulse  compression.  Essentially,  the  phase 
angle  Is  a  constant  value  centered  at  f  and  changes  in  quadratic  form 
on  both  sides  of  f  .  The  spectral  amplitude  distributions  of  individual 
region  f  <  f  <  f ^  are  assumed  here  to  be  of  Hamming  weighting.  This 
assumption  Is  realistic  for  many  operational  antennas  and  is  particularly 
useful  for  pulse  compression  where  inter*region  coupling  Is  desired  to 
be  as  small  as  possible.  Also,  when  conjugate-matched  driving  source 
is  applied,  the  compressed  pulse  would  concentrate  its  energy'  in  a  small 
duration  with  temporal  stdelobe  levels  less  than  kO  dB  of  the  pulse  peak, 

6.  QUADRAT  1C- PHASE  ANGLE  AND  MODULATION 

Assume  a  quadratic-phase  antenna  with  a  general  phase  angle  as 

♦  (f)  -  ko  +  k,  (f  -  fo)  +  k2  (f  -  fQ)2  (Eq.  D*37l 

where  fQ  Is  the  center  frequency  of  its  operating  bandwidth.  Let  the 
htghest-frequency  component  have  zero  group  delay  as 

<*♦  (fh)  9 

~dT~  -  kl  (fh  '  fo>  +  2k2(fh  '  V  *  0  <E1- 

Substitution  of  the  solution  k^  into  ♦(f)  gives  rise  to 

♦  (f)  -  k„  ♦  kj  [(f  -  fo)2  -  2<fh  -  fo)(f  -  fo)j  (Eq.  0-39) 

-  ko  *  k2  [<f  *  V2  '  Nb(f  *  fo>] 
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where  th«  total  bandwidth  is  designated  Nb 
elements  and  b  as  the  elemental  bandwlth. 


♦  (fh>  "  k0  +  k2 


♦<y  -  •>„  ♦  kj 


[*V“  ‘ nV/2]  ■ 
[hV/*  +  "H  ■ 


where  (f^,  f^)  are  respectively  the  lowest 
frequencies.  By  assuming  that  N  +  I  *N, 


with  N  as  the  number  of  total 
Let 

0  (£q.  0-40) 

-  (N  ♦  l)ir  (Eq.  0-41) 

and  the  highest  cutoff 
the  solution  for  $  is 

7T  (Eq.  0-42) 


The  definition  of  group  delay  gives 


(Eq.  D-43) 


which  gives  the  instantaneous  frequency  as 

f  "  fo  *  T  *  Nfe2t  "  fh  “  Nl>2t  (Eq. 

Since  Nb  is  equal  to  the  total  bandwidth  B,  Equation  0-44  may  be 
written  as 


f  -  fh  -  Bbt  (Eq.  D-45) 

where  Bb  become  the  rate  of  frequency  change.  The  dispersed  pulse  dura¬ 
tion  T  may  be  defined  by  assuming  that  the  highest  frequency  has  zero 
group  delay,  i.e., 


T  -  (fh  -  f£)/Bb  -  l/b 


(Eq.  0-46) 
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In  other  words,  the  dispersed  pulse  duration  can  be  uniquely  determined 
by  the  elemental  bandwidth  b  of  the  assumed  N  radiation  regions. 

By  letting  2tQ  ■  T  In  the  phase  angle  of  Equation  0*35  end  then 
comparing  It  with  Equation  0*112,  the  following  useful  t dei  h.lties  are  obtained 

Tb  -  I  (Eq.  D-47) 

V  -  Nb2  -  Bb  (Eq.  0-48) 

N  -  2foD  -  (fh  +  f£)/b  *  (fh  -  f£)/b  «  fh/b  (Eq.  0-49) 

where  the  last  expression  Implies  that  f.  +  f  »  f.  -  f  or  f.  *  2f  . 


7.  FOURIER  TRANSFORM  OF  QUADRAT  1C* PHASE  ANTENNAS 

For  f ^/f h  approaching  zero,  or  for  an  extremely  targe*bandwidth 
system,  the  time*domain  amplitude  of  a  quadratic-phase  antenna  remains 
essentially  constant  if  a  unity  spectral  amplitude  existed  In  the  entire 
bandwidth,  i.e., 

J/2  _  .  -- 

[  “PO  Bf  ,2  +  j2irft)df  s%  yj Bbexp (- j irBbt2 ) ,  ^  <t  <  y 

-B/2 

(Eq.  D-50) 


This  transform  pair  holds  for  spectral  distribution  centered  about  f  -  0 
and  dispersed  pulse  centered  about  t  ■  0.  Making  use  of  Equation  0*47 
for  the  transform  pair,  it  can  also  be  written 


(Eq.  0-51) 


where,  es  has  been  defined  earlier,  B  is  the  effective  bandwidth  and  T 
Is  the  effective  duration  of  the  dispersed  pulse.  Figure  D- 1 8  Indicates 
the  responses  of  a  quadratic-phase  filter  driven  by  an  Impulse  and 
conjugate-matched  source.  If  the  dispersion  pulse  Is  centered  at  T/2, 
and  the  frequencies  are  centered  at  f  ,  the  Fourier  transform  pair  can 
be  obtained  by  shlf tings  as 


f„  * 8'2 


1. 


exp(j2irft-jirf0T-jirD(f  -  fQ)  +  j  ^-(f  -  fQ)2)  (Eq.  D-52) 


fo  -  B/2 


$ 


.j 2irf o ( t  -  T/2)  -  j*Bb(t  -  T/2) 


■] 


8.  REMARK  ON  BANDWIDTH-TIME  PRODUCT 

The  duration  of  a  dispersed  pulse  by  a  quadratic-phase  filter  can 
be  obtained  from  Equation  D-47  as 


T  -  l/b 


(Eq.  D-53) 


Application  of  a  conjugate-matched  driving  source  gives  rise  to  a  compressed 
pulse  with  a  duration  d  which  is  related  to  the  total  effective  bandwidth 
B  as 


B  -  l/d 


(Eq.  D-54) 


Designating  BT  product  as  the  power  gain,  the  relationship  below  would  result 
(Power  Gain)  (Compressed  Duration)  ■  BTd  -  l/b.  D  ^ 


This  equation  indicates  that  there  exists  a  practical  limit  in  making  the 

elemental  bandwidth  extremely  small.  Usually  the  highest-frequency  region 

centered  at  f.  would  impose  the  smallest  b  -  f.  4.  where  6.  Is  the 
n  n  h  n 


j 
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fractional  bandwidth  of  tha  region.  Equation  D-55  can  now  be  written 


(Compressed  Gain-Duration  Product)^^^  -  &T>dfh  - 


(Eq.  D-56) 


This  Is  for  a  quadratic-phase  dispersive  antenna.  Similar  equation  for 
a  log-periodic  antenna  can  be  obtained  from  Equation  D-26  as 

‘(Compressed  Gain-Duration  Product  )Log-Per|o<Jlc  -  ~- 

£ 

where  6.  is  the  fractional  bandwidth  of  the  lowest  radiation  region, 
x 
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Figure  0-1.  Log-Periodic  Phase  Angle  Plot 
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Figure  D-2.  Spectral  Amplitude  Assi 
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Figure  0-3.  Phase  Angle  Assigned  Corresponding  to  the  Spectrum  in  Figure  D-? 


lex  Distribution  of  Figures  D-3 


Figure  D-l 


Figure  D-17.  Radiated  Pulse  of  the  Thirteenth  Region  Assigned  to  Figures  E-2  and  D-3 


*(f>  ■^•xpOpf2) 

r(t)  -  exp(-J<-jr  t2) 

(a)  01  spars l va  Quadratic-Phase  Filter  Driven  By  an 

Impulse 


s(f)  -%/ij  exp(-jjl  f2) 

exp(jj£  f2) 

R(f)  exp(jo) , 

s(t)  «2> 

no  wtt  2^ ,  At-. 

(b)  Conjugate-Hatched  Driving  Source  and  the 
Filter  Responses 


Figure  D-10.  Quadractlc-Phase  Filter  Characteristics  and  Responses 


APPENDIX  E 


WAVE  PROPAGATION  ALONG  PERIODICALLY  LOADED  STRUCTURES 


1  .  INTRODUCTION 

All  known  types  of  frequency- independent  antennas  possess  a  structure 
geometry  which  scales  log-per iodi cal ly .  When  the  logarithmic  expansion 
rate  is  slow  enough,  departure  from  uniform  periodicity  is  very  slight  over 
several  spatial  periods.  Under  this  condition,  the  structure  is  said  to  be 
locally  periodic.  A  locally  periodic  portion  of  the  antenna  is  equivalent  to 
an  active  region,  that  is,  a  region  which  determines  the  radiation  character¬ 
istics  over  a  particular  frequency  interval  comprising  only  a  small  portion 
of  the  overall  antenna  bandwidth.  It  follows,  therefore,  that  the  physical 
behavior  of  waves  traveling  through  an  active  region  of  the  antenna  may  be 
adequately  described  by  the  theory  for  wave  propagation  along  uniformly 
periodic  structures.  This  theory,  as  it  is  presented  here,  generally  follows 
the  description  given  by  Hesse.]  . 

Frequency- independent  antenna  operation  is  best  understood  in  terms  of 
traveling-wave  propagation  along  periodically  loaded  structures.  In  general, 
such  a  structure  can  be  open  or  closed,  depending  on  whether  it  will  radiate 
or  not.  In  the  former  case,  the  structure  is  an  antenna,  while  in  the  latter, 
it  is  essentially  a  waveguide.  Besides  this  distinction,  periodically  loaded 
structures  may  be  further  broken  down  into  three  types,  depending  on  the 
propagation  velocities  of  the  waves  which  they  support:  basically  slow 
waves,  basically  TEH  waves  traveling  at  approximately  the  speed  of  light. 


*A.  Hesse  1 ,  "General  Characteristics  of  Travel i ng-Wave  Antennas,"  Chapter  19, 
Antenna  Theory,  Pt.  2,  Edited  by  R.E.  Collin  and  F.  J.  Zucker,  McGraw-Hill, 
1969. 
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and  basically  fast  waves.  However,  it  should  be  cautioned  that  this 
distinction  is  only  approximate:  it  is  possible  for  a  given  structure  to 
support  waves  of  more  than  one  type. 

The  analysis  of  periodic  loaded  structures  is  carried  out  in  terms  of 
the  modal  characteristics  of  the  structure,  in  the  most  general  case  for 
open  structures,  the  fields  are  represented  by  a  discrete  spectrum  of  modes 
which  are  due  to  the  finiteness  of  the  structure  and  by  a  continuous 
spectrum  of  rriodes  which  the  structure  exhibits  because  of  its  ability  to 
radiate  energy.  Because  of  certain  instabilities  which  violate  the  radia¬ 
tion  condition  that  fields  must  vanish  at  infinity,  some  modes  are  con¬ 
sidered  to  be  improper  with  respect  to  the  surface  waves  supported  by  the 
structure.  When  these  modes  are  deleted,  the  remaining  ones,  termed  proper, 
form  a  complete  set  in  terms  of  which  the  fields  on  an  open  structure  may 
be  expanded,  at  least  in  principVe.  In  practice,  al 1  modes -are  obtained 
from  the  characteristic  dispersion  relation  of  the  structure  which  cannot 
be  evaluated  in  closed  form.  Despite  these  shortcomings*  the  modal  analysis 
still  provides  the  greatest  insight  as  to  the  operation  of  antennas 
characterized  by  periodically  loaded  traveling-wave  structures. 

A  characteristic  of  traveling  waves  on  open,  periodic  structures,  that 
is  very  important  for  frequency- independent  antenna  operation,  is  the 
following.  When  the  spatial  pariod  of  the  structure  approaches  one-half 
of  the  free-space  wavelength  at  a  given  frequency  of  operation,  a  slow  wave 
can  no  longer  be  supported  by  a  periodically  loaded,  bastcaUy  TEH 
traveling  wave  structure;  consequently  a  complex  guided  wave  appears, 
accompanied  by  radiation  at  some  angle  between  backfire  and  endfire. 

2.  PROPERTIES  OF  FIELDS  ON  OPEN;  PERIODICALLY-LOADED,  TRAVELING-WAVE 

STRUCTURES 

To  understand  the  radiation  mechanism  of  travel  ing  wave  antennas 
requires  a  thorough  knowledge  of  the  manner  in  which  the  phase  of  the 
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feed  wave  changes  as  it  travels  down  the  structure.  This  can  be  described 
in  terms  of  the  dispersive  properties  of  the  structure.  Some  of  these 
properties,  leading  to  the  creation  of  spatial  harmonics,  arise  solely 
because  of  structure  periodicity.  Certain  other  dispersion  properties 
involve  resonant  growth  of  spatial  harmonics,  or  the  coupling  of  modes, 
and  are  associated  with  energy  transfer  between  modes.  These  processes 
will  be  described  in  the  following  sections. 

a.  Floquet's  Theorem 

The  form  of  waves  traveling  on  a  periodic  structure  can  be 
conveniently  described  by  a  theorem  due  to  Fioquet.  Constder  a  structure 
which  is  axially  periodic  In  the  Z-dlrectlon  with  period  d.  The  theorem 
states  that:  a  time-harmonic  electromagnetic  field  ^>(x,y,z)  of  a  normal 
mode  traveling  along  an  axially  periodic  structure  possesses  the  property 

Ik  d 

T(x,y,z  +  d)  -  e  ZO  f(x,y,z)  (Eq .  E-l) 

where 

k  =  0  +  la  ^*1  •  ^”2) 

ZO  o 

is  known  as  the  fundamental  (complex)  propagation  constant.  0Q  and  a 
represent  the  corresponding  phase  and  attenuation  constants,  respectively. 
If  one  defines  a  periodic  vector  field  (x,y,z)  by 

-ik  z 

?(x,y,t)  -  e  f(x,y,z)  (Eq.  E-3) 
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then  it  follows  from  Equation  E-l  that 


?(x,y,s  ♦  d)  •  ?(x,y,c)  (Eq.  E-4) 

fields  satisfying  Equations  E**3  and  E-4  are  often  referred  to  as  Bioch  waves. 
They  imply  that,  upon  sampling  a  traveling  wave  along  an  axially  periodic 
structure  at  points  with  constant  transverse  value  (x,  y)  spaced  a  period  d 
apart,  one  may  observe  only  the  macroscopic  field  of  the  form  eIkzoz. 

The  periodic  function  ?  (x,y,z)  describes  the  microscopic  field  structure 
within  a  period.  Thus,  if  the  field  distribution  is  known  within  a  single 
period,  then  it  is  uniquely  determined  at  any  point  on  an  infinite  structure. 

b.  Spatial  Harmonics 

The  periodic  vector  function  P*  (x,y,z)  may  be  expanded  in  a 
Fourier  series 


»(«.,.,) -f  :„«)«' l2*/d)nI.  5-  <*.y> 


which  when  substituted  into  Equation  E-3  yields 


«,  ik  z 

¥(x,y,z)  -  %  antq'* 
n  •  -• 


(Eq.  E-5) 


(Eq.  E-6) 


where 


zn  zo 


k  ♦  ,  „  .  0,  ♦!,  *2,  "•  (E<>-  E'7> 


2irn 


zn  n 


*n  *  ,a  "  ®o  +  T* 


♦  ia 


(Eq.  E-8) 
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Thus,  the  field  of  a  normal  mode  of  ah  axially  periodic  structure  can  be 
expressed  in  terms  of  an  infinite  number  of  traveling  waves  of  the  form 

-k  ,k*n2 

a  (q)e  ,  called  spatial  harmonics.  The  wave  numbers  k  represent  the 
n  *n 

various  spatial  harmonic  axial  propagation  constants,  and  the  an(q)  are  the 
corresponding  spatial  harmonic  amplitudes. 

c.  The  kQd  -  3d  Diagram 

The  graphical  representation  of  dispersion  is  based  on  the 

k  d  -  $d  diagram  where  k  and  3  are  the  wave  numbers  in  free  space  and  in 
o  o 

the  medium,  respectively,  and  d  is  the  period  of  the  structure.  The  use  of 

these  diagrams  to  describe  log-periodic  antenna  behavior  ultimately  requires 

three  distinct  levels  of  interpretation:  (1)  the  kQ  -  3  diagram  for 

uniform  structures  (i.e.,  structures  which  are  non-periodic);  (2)  the 

k  d  -  3d  diagram  for  strictly  periodic  structures;  (3)  the  k  d  -  3d 
o  o 

diagrams  for  slightly  aperiodic  structures,  in  particular  those  which  taper 
iog-periodicaily.  First,  consider  a  uniform  (non-periodic)  space  filled 
with  a  non-magnetic  (u  ■  uQ) ,  lossless  dielectric  of  permittivity  e>cQ. 

The  dispersion  relation  of  a  wave  propagation  in  such  a  medium  is  given  by 

v  3  ■  w  (Ed*  E-9) 

P 

where 

v  =  (E<).  E-10) 

”  +  JE"o 


In  free  space  the  dispersion  would  be  given  by 

2  2  2 

c  k  ■  u 
o 


(Eq.  E— II) 
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where 


c  = 


J7 

+  v  c 


oMo 


(Eq.  E- 12) 


It  is  convenient  to  consider  the  relative  dispersion  denoted  by  the 
velocity  ratio 


(Eq.  E-13) 


where  -  =  /eQ  >1,  the  relative  permittivity.  Equation  E-13  now  denotes 
the  dispersion  of  the  system  and  it  is  equivalent  to  a  dielectric-loaded 
uniform  TEM  line.  A  plot  of  Equation  E-13  for  some  er  sets  the  slowness, 
or  load  line,  of  the  uniform  structure  and  is  shown  in  Figure  E-l.  The 
straight  lines  with  slopes  +  /k  separate  the  slow  and  fast  wave  regions. 
Forward  traveling  waves  or  backward  traveling  waves  are  associated  with 
positive  or  negative  slopes,  respectively. 


Fiqure  E-l.  The  k  -g  Diagram  Corresponding  to  a  Uniform  Lossless 
o 

Dielectric  oF  Relative  Permittivity  er  >1  (i.e., 
Basically  a  Slow-Wave  Structure). 


This  type  of  structure  does  not  leed  to  spetlel  harmonic  weves  involving 
resonant  growth  since  the  structure  is  not  periodic.  It  will  admit  the  usual  set 
of  wavSgutde  solutions. 


When  the  dielectric  medium  is  periodically  toaded,  the  dispersion 
is  modified  and,  hence,  the  curve  In  Figure  E-l  is  changed.  In  the  most 
general  case,  periodic  loading  may  be  expressed  in  terms  of  a  spatially 
periodic  permittivity  and  can  be  represented  by 


where  M  is  a  modulation  Index,  usually  less  than  or  equal  to  unity,  F  is  a 
periodic  function  of  2,  and  d  is  the  spatial  period  of  the  structure.  A 
consequence  of  periodic  struetlrteft  is  that  a  'Single  wave -w Ml  not  propagate 
because  the  medium  is  no  longer  homogeneous.  Instead,  wave  solutions  will 
consist  of  an  infinite  set  of  spatial  harmonic  solutions  when  boundary 
conditions  are  considered: 


where 


»  .  ik  z 

f(x.y,z)  -  2  Vq*c  20 

n  ■  xn 


q  -  (x,y) , 


(Eq.  E-15) 
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a  vector  transverse  to  the  axial  direction,  and 

k  -  B  +  id  -  B  +  +  io  (Eq.  E-17) 

zn  n  00 

The  «n (q)  are  the  spatial  harmonic  amplitudes  and  kzn  represent  their  wave 
numbers.  The  &n, where 


(Eq.  E-18) 


-  0  ♦  ,  n-0,+1,  +2,... 

•re  the  spatial  harmonic  phase  constants.  SQ  is  the  phase  constant  of  tha 
fundamental  wave  feeding  the  structure,  a  is  an  attenuation  constant 
associated  with  the  fundamental. 


These  types  of  waves  arise  because  the  spatial  variations  arising 
from  the  periodic  structure  cause  the  medium  to  be  represented  by  an 
inhomogeineous  ~wave  equation^  and  this  requires  the  presence  of  spatial 
harmonic  waves. 

Each  spatial  harmonic  has  an  axial  phase  velocity,  vpn  given  by 

v_  -  “/B  (Eq.  E- 19) 

pn  n 

When  jnj  is  sufficiently  large,  such  that  0n  >  kQ  (or  vp  <  c) ,  all  spatial 
harmonics  are  slow  waves.  Taking  0Q  >o  ,  spatial  harmonics  for  n  _>  0, 
are  considered  forward- travel ing  and  those  for  n  <  0  and  either  |n|  »  1  or 
d«X  have  negative  phase  velocities  and  are  associated  with  backward  I 
waves.  It  should  be  noted  that  a  backward  wave  spatial  harmonic  with 
n»-1  is  allowed  provided  d«X.  It  will  be  argued  later  that  radiation 
involves  predominately  this  spatial  harmonic.  Since  th4s  requires  d«X, 
it  follows  that  the  structure  must  basically  support  slow  waves. 


Waves  of  the  form  given  in  Equation  E-6  will  satisfy  Maxwell's 
'equations  and  the  constitutive  relations,  including  Equation  E-14,  provided 


D  (kzn»  ko}  "  °»  "  “  °*  1>»  *2. 


(Eq.  E-20) 
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Equation  E-20  gtvu  an  infinite  set  of  di  spars  ion  relations  for  the  axially 
periodic  traveling  wave  structure.  Closed  form  solutions  to  this  set  of  .. 
equations  are  not  generally  possible.  Usually,  a  perturbatton  technique, 
which  assumes  that  spatial  harmonic  amplitudes  become  vanishingly  small 
when  n  is  very  large,  is  used  to  obtain  approximate  solutions. 

In  the  limit  of  infinitesimal  loading,  "i.e. ,  M  «  I  and 
e(z)«~er,  then 

d  S  ST  k  d'  (Eq.  E— 21 ) 

o  r  o 

When  kQd-$d  diagram  for  this  structure  now  consists  of  a  grid  of  straight 
lines  of  slope  1/  /cr  given  by 

k©d  -  ♦  ^jr  (®nd  -  2*n)  (Eq.  E-22) 

r 

The  introduction  of  spatial  periodicity  to  the  structure,  therefore,  changes 
the  kQd  -  3d  diagram  from  that  of  Figj^re  E-1  to  that  given  by  Figure  E-2. 

Using  Figure  E-2  as  a  basis,  the  qualitative  effect  of  increasing 

the  loading  which  leads  to  mode  coupling  may  be  discussed.  The  mode 

coupling  principle,  based  on  the  case  of  lossless  coupling  between  two  normal 

modes  of  a  passive,  unloaded,  traveling  wave  structure,  asserts  that  the 

qualitative  form  of  the  dispersion  curve  of  a  loaded  structure  may  be 

obtained  from  the  dispersion  curves  of  the  two  interacting  modes  of  the 

unloaded  structure.  If  the  group  velocities  of  both  modes  have  the  same 

sign  at  the  point  of  Intersection,  then  the  coupling  is  termed  cod  I  recti  onal . 

This  is  shown  in  Figure  E-3a.  If  the  group  velocities  have  opposite  signs, 

the  coupling  Is  cont  rad  I  recti  onal  and  a  stop  band  appears.  This  is  shown 

in  Figure  E?3b.  The  group  velocities  v  „  ■  Bu/dB  of  the  individual  spatial 

gn  n 

harmonics  are  identical,  when  kZQ  is  real,  and  are  equal  to  the  group 

velocity  v_  -  Bo/BB  of  the  entire  normal  mode,  Equation  E-6. 
g  o 
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Figure  E-3. 


The  Two  Types  of  Hode  Coupling:  (a)  Codl rectional  Coupl  ing 
T"e  T,B0.nts  at  Point  of  Intersection  Have  Same 

2l£!sr!  STcSKi^ti-l  Coupling  Occurs  When  Tangents 
Have  Opposite  Signs 


If  mode  coupling  is  applied  to  Figure  E-2,  It  is  seen  that,  qualitatively, 
the  coupling  is  con  trad!  recti  one  1  and  stop  bands  would  be  expected  to 
appear  at  points  where  3d  -  nt,  n  an  integer.  However,  an  important 
distinction  must  be  made  between  open  and  closed  periodically  loaded 
structures.  In  a  closed  structure  comp) ex, solutions  of  the  dispersion 
relation,  Equation  E-20, always  are  associated  with  stop  bands  and  the 
absence  of  reat  axial  power  flow.  In  contrast,  however,  such  attenuation 
(o  d  0  In  Equation  £-9)10  open  periodic  structures  may  be  associated  either 
with  a  stop  band  or  with  loss  of  energy  along  the  structure  due  to  radia¬ 
tion.  Combinations  of  both  effects  may  appear:  it  is  found  that,  on  open 
structures,  stop  bands  analogous  to  those  in  closed  waveguides  may  occur 
only  in  the  slow  wave  region,  while  attenuation  due  to  energy  radiation 
only  occurs  in  or  near  the  boundaries  of  fast-wave  regions.  These  regions 
are  defined  in  Figure  E-4.  It  should  be  remembered  that  for  open  periodic 
structures,  the  features  of  Figures  E-2  and  E-4  are  combined  and  the  mode 
coupling  features  added  to  give  the  complete  k  d  -  3d  diagram.  This  complete 
picture  for  specific  antennas  does  not  exist,  but  some  progress  toward 
understanding  the  operating  mechanisms  is  possible.  For  the  sake  of 
completeness.  It  should  be  mentioned  that  there  is  one  additional  qualifica¬ 
tion  on  the  use  of  these  diagrams  for  the  analysis  of  log-periodic  antennas 
which  will  be  discussed  later. 

It  should  also  be  mentioned  that  the  actual  dynamics  of  traveling 
wave  interactions  on  periodic  structures  (i.e.,  the  analytical  treatment 
of  mode  coupling)  has  not  been  presented  here.  There  are  two  reasons  for 
this:  first,  the  available  analysis  for  coupling  between  modes  in  unloaded 
periodic  structures  Is  rether  lengthy;  and  second,  no  complete  mode-coupling 
formalism  has  yet  been  developed  for  radiating  structures  which  is,  of 
course,  the  primary  Interest  here.  Basically,  the  problem  of  treating 
mode-coupling  Involves  the  solution  of  the  dispersion  relation  represented 
by  Equation  E-20  in  what  may  be  termed  the  resonance  regime. 
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3.  GENERAL  HAD  I AT I  ON  CHARACTERISTICS  OF  LOG-PEPI OP 1C  ANTENNAS  US  IMS 


k  d  -  8d  DIAGRAMS 
o _ 


The  relevance  of  the  kQd  -  0d  diagram  to  the  understanding  of  operation 

and  to  the  design  of  log-periodic  antennas  is  based  on  a  perturbation  argument 

according  to  which  the  antenna  structure  may  be  considered  as  locally 

periodic  for  a  gradual  expanse*!  of  antenna  geometry.  For  a  fixed  value  of 

kQ  and  a  slowly  varying  local  period  d,  there  corresponds  a  slowly  varying 

local  axial  propagation  constant  kz(kQd)  which  is  obtained  from  the  kQd  -  0d 

diagram  of  a  uniformly  periodic  structure  with  parameters  equal  to  those  of 

the  local  geometry.  'Hie  usual  design  procedure  requires  the  knowledge, 

either  from  theory  or  experiment,  of  the  kQd  -  6d  diagram  of  a  matching, 

periodic  structure,  to  which  the  log-pertodtc  tapering  is  then  applied. 

The  uniformly  periodic  configuration  ts  considered  to  be  a  basically  slow, 

traveling-wave  structure,  which  is  modulated  with  a  log-periodic  taper. 

The  kQd  -  0d  diagram  which  represents  a  suitable  dispersion  curve  of  the 

unmodulated  structure  is  shown  in  Figure  E-5.  It  can  be  seen  that,  at  a 

fixed  value  of  kQ  and  for  a  slowly  expanding  log-periodic  structure,  d  is 

gradually  and  monotonlcal ly  increasing,  so  that  k^d  will  increase  steadily 

away  from  the  feed.  As  a  result,  the  line  (n«o)  will  be  traversed  from  low 

toward  increasing  values  of  kQd  and  the  kQd  -  6d  diagram  may  be  regarded 

as  a  plot  of  the  propagation  constant  along  the  log-periodic  array  as  a 

function  of  variable  element  spacing.  Near  the  feed,  the  element  spacing 

and  therefore  the  values  k  d  are  sufficiently  small  that  the  structure 

o 

operates  in  its  bound-wave  region  and  the  travel Ing  wave  is  guided  alonj 
the  structure  as  a  proper  surface  wave.  (In  the  following  discussion  it 
will  be  helpful  to  refer  to  Figures  E-2  -  E-4.J  'On  log  periodic  dipole  arrays 
thfe  stop  band  at  fid  ■  ir  can  be  eliminated  by  mechanically  reversing  the  phase 
between  adjacent  elements.  This  is  unnecessary  on  the  other  log-periodic 
structures.  The  wave  progresses  away  from,  the  feed  until  the  point  2  on 
the  boundary  of  the  backfire  Fad i at  ion  region  is  reached!  There  the  travel ing 
wave  becomes  complex  with  B.jd  *  -kQd  and  backfire  radiation  of  the  n  ■  -1 


Figure  E-J».  Wav*  Propagation  Characteristics  In  the  k  d  -  0d  plane 


Structure  Which  Also  Supports  Fast  Waves.  When  the  Phase  of  the  Slow  Fundamental 
(M  *  o)  Wave  Reaches  Point  2,  It  Becomes  Complex;  the  n  ■  -l  Harmonic  Simultaneously 
Grows  Into  a  Dominant  Fast  Wave 


spatial  harmonic  occurs.  To  enhance  this  backward  radiation,  the  elements 
in  region  2  are  designed  to  one-half  the  wavelength  at  the  operating  frequency. 
This  defines  the  active  region  of  the  antenna. 

To  understand  the  dispersive  properties  of  tog-periodic  structures, 
consider  the  following  argument.  The  active  region  in  these  antennas 
moves  in  response  to  a  frequency  modulated  (FM)  signal  in  order  to  satisfy 
the  scaling  condition.  As  the  FH  pulse  travels  down  the  structure,  the 
various  components  spread  out  such  that  the  high  frequencies  radiate  off 
from  regions  close  to  the  apex,  whereas  the  low  frequency  components 
have  to  travel  farther  down  the  structure  to  their  active  region  before 
they  radiate.  This  delay  in  transit  time  down  the  structure  plus  an 
additional  delay,  on  radiation,  for  the  waves  to  travel  back  towards  the 
apex  causes  the  input  FM  pulse  to  spread  out  in  time.  Thus,  the  dispersive 
behavior  of  frequency  independent  antennas  is  a  direct  consequence  of  the 
scaling  condition. 
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COMPARISON  OF  KNOWN  FREQUENCY  INDEPENDENT  ANTENNAS 

In  this  section,  frequency  independent  antennas  of  the  log-periodic 
class  are  compared.  Virtually  all  known  antenna  structures  which  exhibit 
bandwldths  on  the  order  of  10:1  or  greater,  belong  to  this  single  class 
because  they  all  satisfy  the  same  scaling  condition.  Members  of  this 
class  include  the  conical  log-spiral,  the  planar  log-periodic  dipole 
array,  the  equiangular  or  planar  log-spiral  and  several  other  variants, 
sucfi  as  the  bent  zig-zag,  cavity-backed  spiral  and  multiarm  spirals. 

By  virtue  of  the  fact  that  the  equiangular  or  planar  spiral  and  the 
log-periodic  dipole  array  are  limiting  forms  of  the  more  general  conical 
log-spiral  geometry,  these  types  exhibit  many  common  features  such  as 
bandwidth,  impedance,  and  method  of  operation.  There  are  also  some  notable 
differences.  For  example,  all  spiral  type  antennas  have  circular  polarization, 
while  the  log-periodic  dipole  array  is  linearly  polarized.  The  only 
antenna  that  does  not  have  axially  periodic  structure  is  the  equiangular 
or  planar  spiral;  instead,  it  is  log-periodic  in  the  radial  direction  in 
terms  of  an  active  region  which  scales  with  frequency.  The  kQd  -  0d 
diagram  has  been  used  as  an  aid  ip  understanding  the  principle  of  operation 
in  the  case  of  any  antenna  of  the  log-periodic  class  having  axial  period¬ 
icity.  Several  of  these  antennas  will  now  be  discussed  separately. 

1.  EQUIANGULAR  OR  PLANAR  SPIRAL  ANTENNA 

This  antenna  is  presented  first  partly  for  historial  reasons:  it 
was  the  first  frequency  independent  antenna  discovered  .  The  design  of 


J.  D.  Dyson,  "The  Equiangular  Spiral  Antenna,"  IRE  Trans,  on  Antennas 
and  Propagation,  Vol.  AP-7,  pp.  181-187;  April,  1959. 
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this  antenna  is  based  upon  the  simple  fundamental  principle  that  if  the 
shape  of  the  antenna  were  such  that  it  would  be  specified  entirely  by 
angles,  Its  performance  would  be  independent  of  wavelength.  Since  all 
such  shapes  extend  to  infinity,  it  is  always  necessary  to  truncate  the 
structure  by  specifying  at  least  one  length.  This  length,  the  spiral 
arm  length,  need  only  be  on  the  order  of  one  wavelength  at  the  lowest 
frequency  for  which  the  antenna  is  designed  to  operate.  The  highest 
operating  frequency  is  determined  more  by  physical  construction  limitations 
than  anything  else,  the  geometry  of  the  antenna  allows  th:  arm  length  to 
be  spiraled  into  a  maximum  diameter  of  one-half  wavelength  (of  the  lowest 
operating  frequency)  or  .less.  Antennas  of  this  type  have  been  constructed 
that  have  essentially  constant  radiation  patterns  and  input  impedances 
over  bandwidths  greater  than  20:1. 

The  equiangular  or  logarithmic  spiral  of  Figure  F-l  is  a  plane  curve 
defined  by  the  equation 


p  *  ke 


(Eq.  F-l) 


where  p  and  t  are  the  conventional  polar  coordinates  and  a  and  k  are  positive 

constants.  If  +  increases  by  2ir,  one  complete  turn,  then  p  increases  by 
*2wa 

e  ,  thus  each  turn  of  the  spiral  is  a  repetition  of  every  other  turn 
except  for  a  constant  multiplier.  The  length  of  the  spiral  arm  may  be 
calculated  from 

L  -  |^1  ♦  2  ^pmax  -  pmln^  (Eq.  F-2>  ' 

An  antenna  is  constructed  by  considering  two  conductors  with  edges  defined 
by  the  two  curves 


Pj  ■  ke4*  «nd  p^  ■  ke4^*’^  ■  *pj 


(Eq.  F-3) 
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CONDUCTOR 


Figure  F-l.  Equiangular  (or  Logarithmic)  Spiral 
Antenna  Geometry 
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•ml  P3  -  kea<*"w)  and  Pl|  -  kea^‘*”6)  -  icp  (Eq.  F-k) 

This  defines  two  balanced  conductors,  spiraling  in  opposite  directions, 
each  having  a  finite  width  6. 

The  behavior  of.  the  radiation  pattern  can  be  obtained  by  scaling  the 
radial  coordinate  p  in  terms  of  wavalangth.  From  Equation  F-)  we  have 

p'»  £  -  ke*^“*o*  (Eq.  F-5) 

where  "  a  *  (Eq.  F-6) 

Equation  (F-6)  indicates  that  the  effect  of  changing  the  wavelength  is 
equivalent  to  changing  the  angle  Thus,  except  for  a  rotation,  the 
radiation  pattern  would  be  independent  of  wavelength  or  frequency  within 
the  designed  bandwidth.  This  radiation  is  bidirectional  with  equal 
beams  radiated  from  the  front  and  the  back  of  the  antenna.  The  pattern  is 
circularly  polarized  over  the  design  bandwidth.  However,  for  frequencies 
such  that  the  spiral  arms  are  vary  short  compared  to  wavelength,  the 
radiated  field  tends  to  become  linearly  polarized.  As  the  arm  length  is 
Increased  in  terms  of  wavelength,  the  field  on  the  axis  perpendicular  to 
the  plane  of  the  antenna  becomes  elllptlcally  and  then  circularly 
polarized.  This  change  in  field  polarization  is  a  useful  criterion  for 
specifying  the  cutoff  of  the  pattern  bandwidth. 

It  has  been  found  that  the  antenna  should  be  spiraled  tightly  (i.e., 
made  physically  small)  If  the  maximum  bandwidth  is  to  be  obtained  for  a 
given  diameter  antenna. 

The  average  beamwidth  is  relatively  insensitive  to  antenna  parameters, 
but  the  tightly  spiraled  antennas  tend  to  exhibit  smaller  variations. 
Typically,  beamwtdths  are  on  the  order  of  70*. 
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the  input  impedance  converges  rapidly  with  increasing  frequency  to 
a  nearly  constant  value:  these  antennas  are  rarely  mismatched  and  VSWR 
is  better  than  3:1  into  a  50-ohm  line  and  are  usually  better  than  2:1  over  the 
bandwidth. 

The  efficiency  of  the  basic  antenna  (i.e.,  the  metal  spiral  arms 

* 

in  free  space  without  dielectric  material  or  any  type  of  cavity-backing), 
has  been  found  to  be  approximately  98  percent  for  antennas  with  arm  lengths 
of  one  wavelength  or  more.  For  arm  lengths  shorter  than  one  wavelength, 
the  efficiency  decreases  rapidly. 

Much  of  the  emphasis  toward  analysis  of  equiangular  planar  spirals 
has  been  placed  on  sheath  or  multiarm  versions  rather  than  the  two  arm 
structure  considered  above.  Generally,  as  the  number  of  spiral  arms  is 
increased,  the  radiation  pattern  breaks  up  into  more  and  narrower  lobes. 

At  present  there  appears  to  be  no  comprehensive  treatment  of  the  move¬ 
ment  of  the  active  region  in  terms  of  the  spatial  harmonic  analysis  which 
would  incorporate  the  use  of  the  kQd  -gd  diagram,  however,  there  seems 
to  be  no  reason  to  suspect  that  the  radiation  mechanism  could  not  be  at 
least  qualitatively  described  in  this  manner. 

2.  CONICAL  LOG-SPIRAL  ANTENNA 


The  balanced  conical  logarithmic-spiral  antenna  is  treated  as  a 
basically  slow-wave,  locally  periodic  structure  which  has  a  slowly- 
varying  period.  A  conical  bi filar  helix  is  used  as  the  basic  structure 
to  generate  the  kQd  -  gd  diagram. 


The  basic  design  equation  for  the  conical  log-spiral  is  given  by 


1 


P 


poe 


b(g-fi) 


J.  D.  Dyson,  "The  Characteristics  and  Design  of  the  Conical  Log-Spiral 
Antenn*,"  IEEE  Trans,  on  Antenna  and  Propagation,  Vol.  Ap-13.  July  1965, 
pp.  488-499. 
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where 


.  4. 

sin  <> 

0  =  — - 

tan  a 

These  parameters  are  defined  in  Figure  F-2.  The  cone  half-angle  is  4  , 

o 

a  is  the  rate  of  wrap  of  the  spiral  arms,  and  6  is  the  angular  width  of 
the  arms. 

The  variation  of  the  propagation  constant  on  this  structure  can  be 
studied  using  Figure  E~5  and  the  ensuing  discussion.  As  the  frequency 
of  operation  is  scaled,  the  active  radiation  region  moves  along  the 
structure,  with  the  highest  frequencies  being  radiated  near  the  apex  and 
the  lowest  frequencies  being  radiated  near  the  truncated  base.  As  explained 
previously,  all  radiation  is  by  the  predominant  mode  of  n  =  -I  spatial 
harmonic  in  the  backfire  direction.  It  is  observed  that  no  appreciable 
radiation  occurs  for  angles  other  than  backfire.  This  so  because  once 
the  wave  is  phased  for  backfire  wave  radiation,  most  of  the  energy  is 
released,  hence,  there  is  very  little  left  to  radiate  at  the  same  frequency, 
as  the  phase  angle  continues  to  increase. 


The  directivity  of  the  conical  spiral  generally  increases  as  the  cone 
angle  20^  decreases.  The  radiating  efficiency  increases  as  the  spiral 
wrap  rate  angle,  a,  increases  and  is  circularly  polarized.  The  half-power 

beamwidth  can  be  as  small  as  40°  for  a  =  85°  and  28  =2°.  However,  as 

o 

directionality  is  increased,  the  structure  must  be  physically  longer  in 
order  to  maintain  the  bandwidth.  As  the  cone  angle  increases  to  make 
the  antenna  dimensions  more  compact,  directivity  is  lost,  and  proper 
phasing  for  backfire  radiation  cannot  be  maintained.  This  should  be 
intuitively  clear  since  for  28^  =  180°  the  conical  spiral  degenerates 
into  a  planar  spiral  for  which  the  phasing  is  for  broadsde  radiation. 
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Figure  F-2.  Conical  Log- Spiral  Antenna  Geometry 


Measured  VSWR  is  typically  1.3:1*  The  input  impedance  of  the  antenna 
is  primarily  controlled  by  the  spiral  arm  width,  varying  from  about  320 
ohms  for  narrow  arms,  to  about  60  ohms  for  very  wide  arms.  The  Impedance 
increases  as  the  cone  angle  increases  and  approaches  the  theoretical 
value  of  189  ohms  for  20q  ■  180*.  The  impedance  variation  with  change  in 
the  spiral  angle  is  slight.  The  impedance  bandwidth  is  consistently 
greater  than  the  radiation  pattern  bandwidth. 

The  characteristics,  design  and  operation  of  the  other  frequency 
independent  antennas,  such  as  the  log-periodic  dipole  array,  log  periodic 
zig-zag,  and  conical  helix,  all  differ  very  little  from  those  already 

presented  above.  This  is  because  they  are  all  derived  forms  of  the 

♦ 

conical-log  spiral.  Discussions  of  these  types  may  be  found  in  the 
I»2»3 
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APPENDIX  G 


NUMERICAL  AND  ASYMPTOTIC  EVALUATION  OF  BT  PRODUCTS 
1 .  INTRODUCTION 


The  general  expression  for  the  8T  product  of  a  conical  log-spiral 
antenna,  derived  in  Appendix  H,  will  now  be  analyzed  by  varying  antenna 
parameters.  An  asymptotic  expression  for  this  product  will  also  be  derived. 

2.  BD  PRODUCT  ANALYSIS  BY  VARIATION  OF  PARAMETERS 

Using  the  derived  result  of  Equation  H-68,  the  BT  product  of  the 
conical  log-spiral  antenna  is: 


The  BT  product  depends,  in  general,  upon  four  independent  parameters: 

(1)  A^  -  The  cone  radius  at  the  highest  frequency  active  region. 

(2)  L  -  The  axial  length  of  the  conical  antenna. 

(3)  0Q  *  The  half-cone  angle. 

(4)  o  -  The  spiral  wrap  rate  or  pitch  angle. 

\ 
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In  practice,  the  number  of  independent  variables  will  be  less 
because  of  geometrical  constraints  on  the  size  of  the  antenna  structure. 
A  useful  equation  of  constraint  is  given  by 


L 


tan  6 

o 


(Eq.  G-2) 


where  Aj  is  the  truncated  cone  base  radius.  If  the  maximum  antenna 
aperture  Is  fixed,  thus  fixing  Aj ,  then  L  can  be  expressed  In  terms  of 
Au  and  8  ,  reducing  the  number  of  independent  variables  to  three.  For 
most  design  applications,  however,  both  A]' and  A^  would  be  fixed.  Aj  is 
fixed  because  of  maximum  aperture  size  allowed  and  AN  fixed  because  of 
the  physical  size  of  the  feed  Input  cable  for  a  given  power  application. 
In  this  case 


L  tan  6  -  constant 

o 

The  BT  product  for  this  case  has  been  analyzed  for  half-cone  angles 
ranging  from  6q  ■  40°  to  8q  ■  2°  and  for  wrap  rate  angles  o  ■  60*  to 
a  •  89°.  In  all  cases,  Aj  ■  I  meter  and  ■  .00284  meters.  These 
results  are  shown  in  Figure  G-l. 

3.  ASYMPTOTIC  BT  PRODUCT  LIMIT 


Here  an  asymptotic  expression  for  the  BT  product  is  obtained  in  the 
limit  of  small  8q  and  large  a.  Let 

«  -  V  ‘  «  9  -  <5  (Eq.  G-3) 

*  o 
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Figure  6-1.  Parametric  Curves  for  BT  Versus  0Q  and 
BT  Versus  o  for  A^  ■  .00284  Meter  and 
Aj  -  1  Meter  for  a  Conical  Spiral  Antenna 
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The  following  relations  hold  for  any  6: 


L  tan  6  L  tan  6 
o 


(Eq.  G-4) 


tan  o 
tan  B 


sin  (a  +  0  )  +  sin  (a  -  0  . ) 

o  o 

STnTo  +  0)  -  sin  (a  -  8) 
o  o 


I  +  cos26 
1  -  cos2d 


(Eq.  G-5) 
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1  +  7 
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_ 0  _ oj  =  2_ 


cos 


- I 

(a  +  0  )  +  cos  (a  -  0  ) 
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(Eq.  G-7) 


Equation  G-l  may  be  expressed  now  as 


BT(V  L-  -  ST 


Equation  G-8  expresses  a  BT  product  which  is  now  dependent  upon  only  one 

angle,  6,  the  axial  length  t  of  the  antenna,  and  the  radius  Aw  of  the 

N 

smallest  end  of  the  cone. 
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s. 


Now  consider  the  case  where  0  -  6  «  I.  Small  angle  approximations 
are  valid,  thus 


L  tan  6 

o 


(Eq.  G-9) 


tan  a _ ]__  (Eq.  G-10) 

tan  0  .2 

o  5 


sin  a  cos0^ 

_ _ 2  -1-6=1  i 

1  +  cos  a  cosO^ 


(Eq.  G-ll) 


sinh 


tt  sine 


tan  a 


(Eq.  G-12) 


Substituting  Equation  G-9  -  G-12  into  Equation  G-8,  we  obtain 


lim  BT(AN,  L,  0q,  a)  =  BT(6,  An,  L) 

0  -*■  6 

o 

If  r 

a  +  7r  '  5 

6  <<  1 


(Eq.  G-13) 


(Eq.  G-14) 
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There  are  two  special  cases  under  which  Equation  6-14  must  be  evaluated 
since  6  «  l  does  not  exclude  either  6  <<  A^/L  or  6  » 

(1)  Case  A 


6  «  An/L 


In  this  case  Equation  (G-14)  reduces  to 


bt(an,  L) 


(Eq.  G- 15) 


(2)  Case  B 


6  >>  ^/L 


In  this  case.  Equation  (G-14)  reduces  to 

BT(S- L-  V  j2 

or 

BT(6,  L,  An)  - 

Given  6,  A^,  and  L,  the  maximum  theoretical  BT  product  may  be  obtained 
either  from  Equations  G- 1 5  or  G- 16.  It  is  obvious  that  BT  can,  in  principle, 
be  made  as  large  as  desired,  but  for  a  given  set  of  design  parameters 
6.  Aw,  and  L,  there  will  be  a  definite  upper  limit  as  indicated  by  Cases 
A  and  B. 


v) 


(Eq.  G-16) 
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APPENDIX  H 


MAXIMUM  BANDWIDTH-TIME  PRODUCTS  OF 
FREQUENCY  INDEPENDENT  ANTENNAS 


1.  INTRODUCTION 


Pratica!  limits  for  maximum  bandwidth- time  products  (BT  products) 
for  three  types  of  frequency  independent  antennas  will  now  be  derived. 

These  antennas,  the  planar  log-periodic  dipole  array  (LPDA),  the  conical 
spiral,  and  the  cavity-backed  spiral,  represent  the  most  divergent  types 
of  the  log-per  odic  class;  therefore,  their  individual  maximum  BT  products 
may  be  directly  compared  to  yield  the  overall  maximum  BT  product  as  well 
as  providing  insight  to  show  how  antenna  parameters  affect  this  result. 

This  comparison  will  allow  the  various  trade-offs  among  antenna  param¬ 
eters,  such  as  axial  length,  aperture  size  and  directivity,  which  affect 
the  BT  product,  to  be  evaluated  in  terms  of  specific  antenna  requirements. 

Since  there  are  no  analytical  limitations  on  the  bandwidth  of  any  of 
these  antennas,  then  the  bandwidth  is  determined  on  the  basis  of  physically 
realizable  or  practical  considerations.  These  limitations  will  be  dis¬ 
cussed  first  in  Paragraph  2,  since  they  will  not  differ  essentially  among 
antenna  types.  Analyses  for  the  LPDA,  conical  spiral,  and  cavity-backed 
spiral  will  follow  in  Paragraphs  3,  and  5,  respectively.  Finally,  some 
conclusions  for  maximum  BT  products  will  be  drawn  In  Paragraph  6. 

2.  BANDWIDTH 


Even  though  It  has  already  been  shown,  it  should  again  be  emphasized 
that  a  perfect  frequency  Independent  antenna  would  possess  infinite  band¬ 
width  and  would  also  have  infinite  dimensiors.  The  limitation  on  the 
bandwidth  for  a  properly  designed  log-periodic  antenna  is  the  requirement 


H-l 


that  It  be  a  finite  structure  having  finite  dimensions.  Besides  this 
overall  limitation,  there  are  other  factors  which  will  affect  bandwidth. 
These  factors  relate,  in  general,  to  the  apex  region  or  the  smallest 
scaled  antenna  dimension,  and  hence,  limit  the  high  frequency  response. 
This  can  be  stated  another  way:  choosing  fixed  axial  and  transverse 
dimensions  is  sufficient  in  order  to  obtain  an  antenna  structure  of 
finite  spatial  extent,  but  because  the  apex  region  of  any  of  these 
antennas  scales  to  a  geometrical  point  (i.e.,  zero  spatial  dimension), 
the  structure  is  still  undefined.  What  then  limits  the  high  frequency 
response  of  a  finite  antenna?  in  practice,  it  is  the  dimensions  of  the 
antenna  feed  cable.  Furthermore,  feed  dimensions  also  depend  upon  the 
maximum  currents  and  voltages  the  feed  cable  is  capable  of  supporting. 
Therefore,  the  larger  the  input  power  to  the  antenna,  the  larger  the  feed 
must  become,  and  a  larger  feed  means  lowering  the  highest  operating 
frequency. 

Therefore,  in  order  to  obtain  estimates  of  maximum  bandwidth,  it  is 
necessary  to  establish  some  criteria  on  the  feed  dimensions.  It  will  be 
assumed  that  the  smallest  feed  cable  for  a  practical  antenna  to  accept 
a  reasonable  amount  of  input  power  is  one  which  has  an  outside  diameter 
of  0.358  cm  (.141  inch).  Such  a  cable  typically  would  be  capable  of 
delivering  an  average  power  ranging  from  100  watts  at  15  GHz  to  about 
3000  watts  at  50  MHz  into  a  50-ohm  load.  For  fast  pulse  applications, 
such  as  pulse  compression,  the  instantaneous  peak  power  would  be  a  more 
useful  parameter  and  these  values  could  easily  be  several  orders  of 
magnitude  greater  than  those  for  average  power. 

The  feed  cable  diameter  will  determine  the  highest  operating 
frequency.  The  diameter  of  the  first  or  highest  active  region  should 
be  several  times  larger  than  the  feed  diameter  for  efficient  radiation, 
that  is,  radiation  which  does  not  Interfere  significantly  with  the  feed 
cable.  When  this  condition  is  imposed,  the  highest  operating  frequency 
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wiH  turn  out  to  be  approximately  15  GHz.  The  manner  In  which  the  value 
is  established  will  be  discussed  separately  for  each  antenna  type  in  the 
following  paragraphs. 

The  low  frequency  limit  of  a  given  antenna  depends  upon  both  the 
maximum  diameter  and  the  specific  structure  geometry.  For  the  LPDA,  the 
longest  element  is  approximately  one-half  wavelength.  For  both  the 
conical  spiral  and  cavity-backed  spiral,  the  lowest  frequency  is  more 
dependent  upon  turn  spacing  and  spiral  length  than  on  the  maximum 
structure  diameter.  For  these  latter  types,  the  longest  radiated  wave¬ 
length  may  be  several  times  this  diameter.  Generally,  the  spiral  type 
antennas  exhibit  good  low  frequency  response  as  long  as  the  spiral 

length  Is  long  compared  to  wavelength.  For  the  conical  spiral, ^  the  low 

2 

frequency  limit  can  be  determined  from  the  expressions 


and 

S  **  ~  ■  cos  a  cos  0q  (Eq.  H-2) 

where  Xj  is  the  wavelength  corresponding  to  the  lowest  frequency,  D  is  the 
maximum  diameter,  S  is  the  slowness  factor  obtained  from  the  k-B  diagram, 
a  is  the  pitch  angle  of  the  spiral  turns  and  0q  is  the  cone  half  angle. 
Equation  H-2  relates  the  slowness  factor  of  the  representative  k  -  S 
diagram  for  the  strictly  periodic  helix  to  the  parameters  a  and  0q  of  the 
tapered  periodic  structure  (i.e.,  the  conical  spiral).  Since  the  slowness 
factor  of  the  helix  is  S  =  cos  a,  the  difference  between  these  two 
expressions  is  given  by  (l  -  cos  0q) .  For  cone  angles  up  to  20q  ■  20°, 
this  difference  is  less  than  1.5  percent,  whereas  for  a  cone  angle  of 
20q  ■  80°  the  difference  is  23  percent.  The  low  frequency  limit  for  the 
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For  conical  spiral  geometry,  please  refer  to  Appendix  F;  also  see  the 
following  reference. 
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Dyson,  J.  D.,  "The  Characteristics  and  Design  of  the  Conical  Log-Spiral 
Antenna,"  IEEE  Trans,  on  Antennas  and  Propagation,  Vol .  AP-13,  July  1965, 
pp.  488-499 • 
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s i n  a  cos  0 


oj 


(Eq.  H-l) 
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cavl ty- backed  spiral  is  somewhat  more  arbitrary.  Usually,  It  is  defined 
in  terms  of  the  axial  ratio  of  the  polarizations  (i.e.,  generally  the 
radiation  is  circularly  polarized  but  as  the  frequency  decreases,  the 
pattern  tends  to  become  first  elliptically  and  finally  linearly  polarized). 
The  lowest  frequency  is  commonly  taken  as  that  frequency  at  which  the 
axial  ratio  of  the  polarization  ellipse  is  2  or  3  to  1. 

There  is  some  variation  in  the  low  frequency  limit  of  these  three 
antennas  when  ail  have  the  same  maximum  physical  aperture  of  2  meters. 
However,  this  variation  is  slight  and  does  not  affect  practical  band- 
widths  significantly  when  the  highest  frequency  is  several  orders  of 
magnitude  greater  than  the  lowest  as  will  certainly  be  the  case  here. 

Since  the  maximum  antenna  diameter  need  only  be  on  the  order  of  one- 
half  wavelength,  it  follows  that  the  lowest  operating  frequency  wi  1 1  be 
about  75  MHz. 

Therefore,  the  maximum  practical  bandwidth  for  an  antenna  designed 
to  handle  appreciable  power  (viz.,  100  watts  at  15  GHz)  can  be  expected  to 
be  of  the  order 


B  *  15  GHz  -  75  MHz  »  14.93  GHz  (Eq.  H-3) 

This  value  is  intended  only  as  a  rough  estimate,  but,  as  the  following 
discussions  will  show,  in  all  cases  it  will  be  within  1  percent  of  the  values 
calculated  for  the  individual  antennas. 

The 'three  antennas  will  now  be  studied  individually  under  the  overall 
geometrical  constraints: 

(1)  Maximum  axial  length  ■  4  meters 


(2)  Maximum  transverse  length  **  2  meters 


LOG-PERIODIC  DIPOLE  ARRAY 


3. 


The  LPDA  Is  defined  in  Figure  H-1  by  the  relations 


(Eq.  H-4) 

(Eq.  H-5) 

(Eq.  H-6) 

(Eq.  H-7) 

The  parameter  t  determines  the  logarithmic  growth  in  periodicity  along 
the  structure  and  usually  is  slightly  less  than  unity.  The  ratio  of 
element  length  to  element  spacing,  denoted  by  cr  in  Equation  H-7,  is 
related  to  the  slowness  of  wave  propagation  along  the  structure.  Generally, 
for  maximum  time  duration  and  bandwidth,  cr  should  be  as  small  as  possible, 
certainly  less  than  0.5.  However,  as  will  be  seen  presently,  antenna 
efficiency  for  pulse  compression  is  greatly  reduced  when  a  is  too  small. 
Allowable  lower  limits  on  a  vary  among  different  LPDA  designs  because  it 
turns  out  that  a  and  t  are  not  independent,  but  are  related  through  the 
cone  half-angle,  0q,  of  the  antenna.  This  relationship  will  be  demonstrated 
in  the  following  discussion. 
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(b)  Uniformly  Periodic  Slow-Wave  Structure 
That  is  Complementary  to  the  Nth  Active 
Region  of  the  LPDA. 


Radiation  at  the  highest  frequency,  fN>  occurs  in  the  active  region 
centered  about  the  element  The  distance  from  the  apex  to  this  element 

is 


Z 


N 


2  tan  6 

o 


(Eq.  H-8) 


To  insure  that  there  is  a  slow  wave  feed  geometry  at  Z^,  it  is 
assumed  that  there  is  one  additional  element  at  ZN+1  located  in  front  of 

such  that 


ZN  "  ZN  +  1  =  dN 


(Eq.  H-9) 


The  position  of  the  element 

lN 

+  1 

is  at 

+  1 

ZN 

+  1 

2  tan  6 

0 

(Eq. 

where 

4H 

+  1 

■  T  lN 

(Eq. 

This  locates  one  end  of  the  LPDA.  Assuming  a  resonant  half  wavelength,  the 
highest  frequency  element  is  resonant  at 


(Eq.  H-12) 


Assuming  that  should  be  several  times  larger  than  the  cable  diameter  of 
0.358  cm,  the  value  =  1  cm  has  been  chosen.  In  this  case,  the  highest 
operating  frequency  would  be  f^  =  15  GHz.  The  bandwidth  would  be  approxi¬ 
mately  doubled  if  JL.  were  halved,  but  these  would  likely  be  increased 
interference  with  the  feed  on  radiation.  It  should  be  understood, 
therefore,  that  there  is  some  arbitrariness  in  taking  »  1  cm. 


H-7 


The  other  end  of  the  antenna  will  depend  upon  the  location  of  the 
lowest  frequency  element 


t,  -  (Eq.  H- 13) 

This  element  would  be  approximately  equal  to  the  maximum  allowable  structure 
diameter,  namely  2  meters,  in  order  to  provide  maximum  bandwidth.  With 
respect  to  the  apex,  the  position  of  element  l ^  is 

2 

Z,  -  N  Y  ’•  (Eq.  H-14) 

T 

The  total  length  of  the  antenna,  L,  is  found  by  subtracting  Equations 
H-10  and  H-1A 


N  +  1 


*N  +  1 
2  tan  0 

o 


(Eq.  H-1 5) 


Equation  H-15  may  be  written  in  terms  of  the  highest  and  lowest  operating 
frequencies 

L  - 

4  tan  0 

o 

Since,  as  will  now  be  shown,  and  r  are  not  independent  variables. 
Equations  H-15  and  H-16  should  not  be  used  indiscriminately.  The  reason 
is  that  neither  of  these  equations  explicitly  show  dependence  on  the 
slowness  factor  a. 


(Eq.  H-16) 


Consider  the  n**1  element  of  the  LPDA. 
the  apex  may  be  obtained  using 


Its  location  with  respect  to 
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(Eq.  H-17) 
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Recalling  Equation  H-4,  Equation  H-17  may  be  written 


Z 


n 


However,  Z  is  also  given  by 
n 


Z 

n 


2  tan  0 


(Eq.  H-18) 


(Eq.  H- 19) 


Equating  Equations  H- 1 8  and  H-19,  and  using  Equation  H-7  gives 

t  -  1  -  2cr  tan  0  (Eq.  H»“20) 

o  M 


The  importance  of  Equation  H-20  is  that  it  -elates  the  three  most 

important  design  parameters  for  Ihe  LPDA.  Substituting  Equation  H-20 

into  Equation  H-16  to  eliminate  t  and  solving  the  resulting  expression 

for  the  cone  angle  0  gives 

o 


(Eq.  H-21 ) 


where  the  bandwidth  ratio,  BR,  is 


B 


R 


(Eq.  H-22) 


To  use  Equation  H-21  a  must  be  specified.  In  general,  a  must  lie  in  the 
range 


0  <  o  <  .5 


(Eq.  H-23) 
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If  the  structure  is  to  support  slow  waves,  o  can  be  related  to  the  slow¬ 
ness  factor  as  follows: 


k  d  «  ir  o 
n  n 


(Eq.  H-24) 


> 

For  the  structure  to  be  properly  phased  for  backfire  radiation  at  a 

particc’ar  value  of  k  d  ,  $d  must  change  by  at  least  tt/2.  When  k  d  «  tt/2, 

n  n  .  .  n  n 

then  backfire  phasing  will  occur  for  dn  *  Xn/4.  Since  -  A^/2,  **  follows 
that  a  «*  .5.  In  this  case 


S 


kd  _  v  _  ? 
Bd  '  c  -  20 


which  Is  the  limiting  value  of  the  slow  wave  structure.  As  a  decreases, 
3d  >  tt/2  in  order  to  maintain  backfire  phasing,  thereby  increasing  the 
slowness  (S  <  1).  Therefore,  in  practice,  a  should  be  made  as  small  as 
possible  to  maximize  the  time  delay.  However,  as  can  be  seen  from  any 
kQd  -  3d  diagrams,  when  a  approaches  zero,  backfire  phasing  becomes 
indistinguishable  from  broadside  and  forward  radiation  phasing.  Thus, 
radiation  tends  first  to  become  Isotropic  for  very  small  o  and  then 
ceases  completely  as  a  •+•  0. 

Once  o  has  been  chosen  for  a  slow  wave  structure,  Equation  H-21  may  be 

solved  for  0  .  Then  a  and  0  can  be  ured  in  Equation  H-20  to  obtain  t. 
o  o 

Once  t  and  a  are  known,  the  LPDA  can  be  built  by  applying  Equations  H-A 
to  H-7. 

An  analytic  expression  for  the  BT  product  of  an  LPDA  will  now  be 
obtained.  The  bandwidth  of  an  LPDA  is  defined  as 
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(Eq.  H-25) 
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Since  the  center  frequency  of  the  active  region  is 
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c _ 

TTz  tan  0 
n  o, 


Equation  H-25  becomes 
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c _ 

4  tan  0  Z, 
o  1 


Recalling  Equations  H-k  and  H-i4,  the  last  equation  may  be  written 


(Eq.  H-26) 


Also,  using  Equations  H-22  and  H-25,  we  have 


B-f,  <Br-  I) 


(Eq.  H-27) 


and 

br  "  N  -  T 

T 


(Eq.  H-28) 


Equation  H-28  may  be  used  to  determine  the  number  of  elements  of  the  LPDA: 


H-ii 


N  -  1 


(Eq.  H-29) 
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The  bandwidth  of  the  active  region,  8^,  Is  defined  as  the  frequency 
difference  between  two  consecutive  elements  of  the  array  when  a  *  0.5. 

In  this  case,  there  will  be  a  total  phase  change  of  ir  radians  (neglecting 
the  mechanical  it  phase  shift  because  of  cross  feeding)  between  the 
elements.  Thus, 


(n) 


n  +  l 


(Eq.  H-30) 


It  is  convenient  to  introduce  the  active  region  bandwidth  ratio,  B^,  as 


Then 


.  _  n  +  1  1 

*AR  "  f  t 

n 


“A*"’  '  f„  (BAR  -  ’> 


(Eq.  H-31) 


(Eq.  H-32) 


It  is  seen  in  Equation  H-32  that  the  active  region  bandwidth  increases  as 
the  frequency  increases. 

Since  the  phase  angle  varies  linearly  with  the  natural  logarithm  of 
frequency,  i.e., 


where 


4>  (to)  *  K(lnu  “  lnu)Q) » 


(Eq.  H-33) 


K  - 


TT 

In  B 


AR 


(Eq.  H-34) 
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the  time  delay  of  radiation  at  frequency  f  Is  given  by 


or 


(Eq.  H-35) 


(Eq.  H-36) 


The  maximum  delay  occurs  for  radiation  at  the  lowest  frequency 


t 


1 


(Eq.  H-37) 


Besides  the  feed  delay  in  exciting  the  lowest  frequency,  there  is  an 
additional  delay  due  to  the  spatial  displacement  between  the  first  and 
last  active  regions  of  the  antenna.  This  delay  is 


(Eq.  H-38) 


The  total  dispersion,  or  time  delay,  is  the  sum  of  Equations  H-37  and  H-38: 


Thus,  the  BO  product  for  the  LPDA  may  be  written: 


(Eq.  H-39) 
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BT<8o’  ff;  br) 


7  <br  -  ') 


In 


2a  tan  6  ) 
o 


(Eq.  H-40) 


In  order  to  evaluate  Equation  H-40  for  the  maximum  &T  product,  a 
must  be  specified.  Since  a  value  for  maximum  bandwidth  has  already  been 
obtained,  it  is  only  necessary  to  maximize  D.  By  far  the  greatest  contri¬ 
bution  to  T  comes  from  t^  which  depends  strongly  on  x.  In  turn,  t 
also  depends  strongly  on  a.  As  a  becomes  smaller,  r  approaches  unity  and 
tj  gets  larger  for  fixed  0q.  Therefore,  to  maximize  BT,  one  must  minimize 
cr.  Slow^wave  LPOA  structures  have  been  investigated  for  values  as  small  as 
a  -  0.1.  Taking  this  value  for  a  and 

6  -  fN  -  f,  -  (15  -  .075)  GHz  -  14.925  GHz, 
and  L  ■  4  meters, 

one  solves  Equation  H-21  for  0  : 


0 


o 


14° 


From  Equation  H-20: 


t  -  .95 


Equation  H-39  yields: 


T  -  142.4  ns  (Eq.  H-4l) 


1 

Kieburtz,  R.  B.,  "Analysis  and  Synthesis  of  Aperture  Fields  of  Log- 
Periodic  Antennas,"  Electromagnetic  Wave  Theory.  Pt  2,  Pergamon  Press, 
1967,  p.  767. 
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Finally,  one  obtains  the  maximum  6T  product  for  an  LPDA: 


BT  -  (14.93  GHz)  (142.4  ns)  -  2126  (Eq.  H-42) 

Let  us  examine  the  effect  of  varying  the  parameters  0  ,  a,  and  B.  on  the 

O  K 

value  of  the  BT  product.  If  we  take  a  *  .25,  we  find  0q  ■  14°3'  and 

BR  -  200,  which  are  approximately  the  same  as  the  preceding  case.  However, 

we  now  find  that  t  =  .875  and  that  duration  is  significantly  reduced: 

BT  -  (14.93)  (66.4  ns)  -  991  (Eq.  H-43) 

If  we  take  a  »  .25  and  f.  »  .150  GHz  so  that  B.  »  100,  we  find  6  =  7°3' 

I  K  O 

and  t  ■  .938.  Thus 

BT  -  (14.85  GHz)  (64.5  ns)  -  958  (Eq.  H-44) 

As  the  cone  angle  decreases,  leading  to  increased  directivity,  the  BT 
product  decreases.  As  a  increases,  leading  to  increased  phase  velocity 
along  the  structure,  the  delay  time  decreases,  lowering  the  BT  product 
as  expected. 

4.  CONICAL  SPIRAL  ANTENNA 

The  conical  spiral  antenna  comprises  the  most  general  case  of  log- 
periodic  antennas:  the  LPDA  and  the  cavity-backed  spiral  may  be  considered 
as  special  cases  of  this  geometry.  The  time  delay  between  excitation  of 
the  highest  and  lowest  frequencies  on  the  conical  spiral  is 

t|"rs  (Eq.  H-45) 
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where  L  Is  the  allowed  axial  length  of  the  structure,  c  is  the  speed  of 
light,  and 


S  *  cos  a  cos  9 

o 


(Eq.  H-46) 


is  the  slowness  factor.  The  angles  a  and  6q  are  the  pitch  and  cone  angles, 
respectively,  of  the  conical  spiral.  Clearly,  for  a  given  L,  t  will  be 
maximum  for  smallest  S.  The  slowness  factor  is  related  to  the  ratio  of 
cone  radius  to  wavelength  as 

A  =  _1__  sin  a  cos  9q  (Eq< 

T  “  2tt  1  +  S 


since 


S  =  cos  a  cos  0 

o 


k 

e 


(Eq.  H-48) 


it  is  observed  that  S  wl  1 1  be  minimum  when  either  a  or  0  is  90°. 

o 

However,  as  9q  is  increased,  the  ratio  A/X  becomes  smaller.  For  a  fixed 
minimum  radius  A^  at  the  antenna  apex  this  would  cause  the  high  frequency 
limit  to  become  lower  thereby  decreasing  the  bandwidth.  For  this  reason  a 
should  be  made  as  large  as  possible  while  keeping  0q  relatively  small.  The 
cone  angle  cannot  be  made  too  small  if  maximum  bandwidth  is  desired  for  a 
given  axial  antenna  length  L. 


This  procedure  is  as  follows.  The  radii  of  the  cone  ends  A.,  and  A, 

N  I 

are  determined.  Then  for  a  given  L,  6q  may  be  determined  from 


e 

o 


(Eq.  H-49) 


A  realizable  spiral  wrap  rate  is  determined:  this  fixes  a.  Next  S  and  A/X 
may  be  found  using  Equations  H-47  and  H-48,  The  highest  and  lowest 
frequencies  of  operation  f^  and  fj  may  then  be  determined. 
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The  diameter  of  the  feed  cable  Is  again  taken  to  be  0.358  cm. 

Allowing  for  some  taper  in  the  apex  region  of  the  antenna  to  guarantee 
a  slow  wave  structure  prior  to  the  onset  of  the  highest  frequency  radiation, 
the  minimum  radius  at  the  apex  corresponding  to  this  frequency  is  taken 
to  be 


H  =  0.28  cm  (Eq.  H-50) 

The  radius  of  the  truncated  cone  base  is  determined  by  the  maximum 
allowed  aperture  diameter.  Since  a  diameter  of  2  meters  has  been  assumed, 
then 


Aj  =  1  meter  (Eq.  H-51 ) 

For  a  maximum  allowable  axial  antenna  length  of  L  *  k  meters  the  half-cone 
angle  is  found  from  Equation  H-A9  : 

6  =  14°  (Eq.  H-52) 

o 

The  wrap  rate  angle  a  is  taken  to  be  85°.  This  choice  is  somewhat 
arbitrary  and  it  should  be  pointed  out  that  a  difference  of  several 
degrees  in  the  value  taken  for  a  will  affect  the  slowness  factor  and, 
hence,  the  BD  product,  greatly.  However,  it  can  be  argued  that  on  the 
basis  of  the  -  6d  diagram  for  slow  wave  structures  (see  Figure  E-2)  S 
can  become  so  small  that  backfire  phasing  cannot  be  maintained.  For 
S  »  0,  this  diagram  shows  that  the  backward,  broadside,  and  forward 
radiation  regions  become  coincident.  The  antenna  radiation,  therefore, 
becomes  isotropic  in  this  limit  which  would  tend  to  make  any  further 
increase  in  the  BT  product  less  meaningful. 
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It  follows. that 


and 


S  -  .084 


The  highest  and  lowest  operating  frequencies  are,  therefore, 


(Eq.  H-53) 
(Eq.  H-54) 


and 


respectively. 


f 

N 


c 


.  14c 
\ 

.14c 


15  GHz 
.042  GHz 


(Eq.  H-55) 
(Eq.  H-56) 


The  delay  time  t^  may  be  evaluated  using  Equation  H-45, 

t^  ■  158  ns  (Eq.  H-57) 


There  will  be  an  additional  time  delay,  t2>  upon  radiation  from  the  last 
active  region  due  to  the  finite  propagation  velocity  of  electromagnetic 
waves  in  free  space.  This  Is  given  by 


t 


2 


(Eq.  H-58) 


where  Pj  is  the  pitch  distance  of  the  last  spiral  turn1 


Then 


(Eq.  H-59) 


t2  ■  11.6  ns 


(Eq.  H-60) 


^See  footnote  2,  page  H-3. 


> 


H-18 


The  total  time  delay  is,  therefore, 

T  »  tj  +  t2  58  169.6  ns  (Eq.  H-61) 

Since  the  bandwidth  of  this  antenna  is  14.96  GHz,  we  obtain  a  BT  product 
of 


BT  -  (14.96  GHz)  (169.6  ns)  =  2537  (Eq.  H-62) 

Because  of  approximations  involved  in  setting  and  a,  the  value  given 
by  Equation  H-62  could  possibly  be  several  times  greater,  but  it  is  considered 

real fstic. 


In  general,  one  can  express  the  bandwidth  and  time  duration  in 
terms  of  the  antenna  parameters  as  follows.  Bandwidth  can  be  written 


8  ■  f.  <8*  -  '> 


(Eq.  M-63) 


Since 


f  _  c  c 

l  "  A,  2irA1 


sin  a  cos  0 
_ _ o_ 

1  +  cos  ot  cos  9 


(Eq.  H-64 ) 


and 


.  Ai  L  tan  9o  *  AN 
br  An  An 


(Eq.  H-65) 


where  Equations  H-47  and  H-49  have  been  used,  B  can  be  expressed  as 


B(An,  L,  0q,  a)  = 


2tt  L  tan  6 


K5=)  l1  *' 


sin  a  cos  8 


cos  a  cos  0 


(Eq.  H-66) 


Recalling  Equations  H-57 ,  H-58,  and  H-59,  the  time  delay  can  be  expressed 


T<V  ®q * 


L_ 

c 


1  +  cos  a  cos  0 
_ o 

cos  a  cos  6 

o 


(Eq.  H-67) 


Finally,  the  product  BT  Is 


5.  CAVITY-BACKED  SPIRAL  ANTENNA 

The  geometry^  of  the  center  of  the  spiral  is  the  same  as  the  conical 
spiral,  therefore,  the  high  frequency  is  also  the  same 

fN  -  15  GHz  (Eq.  H-69) 

2 

The  ratio  of  spiral  diameter  to  wavelength  is  approximately 

D  =  .28  (Eq.  H-70) 

X 


"T"  . 

See  Appendix  F  for  a  discussion  of  the  geometry  and  some  of  the  properties 
of  the  antenna. 

2 

This  value  is  based  on  Equation:  H-54  to  provide  maximum  slowness.  (This  D 
should  not  be  confused  with  the  pulse  duration  D.) 
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Using  Equation  H-70,  an  estimate  of  the  lowest  frequency  of  operation  can 
be  obtained  by  setting  0-2  meters: 


f 


1 


(Eq.  H-71) 


f]  =  .042  GHz 


(Eq.  H-72) 


Therefore,  the  maximum  bandwidth  is  taken  as 

B  -  (15  ‘  .042)  GHz  -  14.96  GHz  (Eq.  H-73) 


The  time  delay  between  excitation  of  the  lowest  and  highest  frequencies 
is  related  to  the  length,  T,  of  the  spiral 


T  = 


1 

c 


RMAX  -  RMIN  sec  (ft 
c 


(Eq.  H-74) 


where  R^^  and  R^^  are  the  maximum  and  minimum  spiral  radii  and  the  angle 
$  is  related  to  the  tightness  with  which  the  spiral  is  wound,  i.e., 


where 


$  -  cot 


(In  v) 


(Eq.  H-75) 


(Eq.  H-76) 


with  6'  -  0  +  AG;  A0  =  1  radian.  It  is  seen  that  sec  <j>  increases  as 
p  1 ,  therefore,  maximum  time  delay  will  be  obtained  when  the  spiral  is 
tightly  wound.  Inherent  in  Equation  H-76  is  the  spiral  arm  width,  6, 
which  must  be  kept  small.  For  very  tightly  wound  spirals,  <{>  can  approach 


<f>  =  88°  51' 


(Eq.  H-77) 
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which  corresponds  to  a  spiral  arm  radius  increase  of  about  .02  cm  over  1 
radian.  For  these  values,  the  spiral  length  wound  over  a  2  meter  aperture 
would  be 


T  -  49.3  meters 


(Eq.  H-78) 


yielding  a  time  delay 


T  -  164  ns  (Eq.  H-79) 

The  maximum  BT  product  for  the  cavity-backed  spiral  is,  therefore, 

BO  -  (14.96  GHz)  (164  ns)  -  2453  (Eq.  H-80) 


6.  SUMMARY 


Maximum  BT  products  for  each  of  the  three  antennas  show  some  variation 
as  expected.  However,  it  is  somewhat  surprising  that  the  variation  is  as 
slight  as  has  been  found  here.  It  can  be  seen  that  for  a  given  set  of 
antenna  parameters  the  BT  product  may  be  increased  In  two  ways.  B  can  only 
be  significantly  Increased  by  raising  the  highest  operating  frequency: 
lowering  the  lowest  operating  frequency  does  not  significantly  change  the 
bandwidth  if  it  has  already  been  maximized  for  a  given  volume.  However, 
the  duration  Twill  be  increased  if  the  lowest  frequency  is  lowered 
further:  raising  the  highest  frequency  does  not  significantly  increase 
the  duration  when  antenna  parameters  are  fixed.  A  thorough  evaluation  of 
BT  product  variation  is  given  in  Appendix  G. 
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APPENDIX  I 


A  NEAR-ZONE  EVALUATION  PROCEDURE  AND 
SOME  OF  ITS  RESULTS 


1.  INTRODUCTION 


The  objective  of  electromagnetic  pulse  compression  In  the  present 
study  is  to  intensify  radiated  power  density  In  the  far-zone  radiation. 
Angular  compressions  of  a  radiated  field  are  usually  accomplished  by 
appropriate  source  distributions  on  a  large  antenna  aperture.  Since  the 
angular  compressions  are  presently  of  no  immediate  concern,  antennas  of 
large  apertures  will  not  be  discussed.  Instead,  only  ar tennas  of  pre¬ 
dominantly  dipole  modes  are  chosen  for  pulse  compression  in  the  radiation 
direction.  The  antenna  element  used  for  this  study  is  an  electromagnetic 
dipole  that  has  an  axially  symmetric  cardioid  pattern  with  peak  field 
intensity  twice  the  value  of  a  corresponding  electric  dipole  in  free-space. 

The  desired  pulse  compression  is  produced  by  a  number  of  electromag¬ 
netic  dipoles  covering  a  specified  bandwidth  of  the  pulse.  Radiations 
from  these  dipoles  are  delayed  in  an  appropriate  manner  so  that  their 
fields  in  the  far  zone  would  produce  an  intensified  short  pulse.  In 
other  words,  these  dipoles  are  arranged  to  give  rise  to  a  dispersive 
antenna  which  can  be  treated  as  a  spatial  filter.  When  such  a  dispersive 
filter  is  driven  by  an  appropriate  pulse  of  long  duration,  matched-filter 
techniques  can  be  employed  to  produce  an  intensified  pulse  of  extremely 
short  duration  depending  on  the  total  dispersion  duration  and  antenna 
bandwidth. 

Yu,  Jiunn  S.  and  H.  A.  Morimoto,  "Electromagnetic  Dipole,"  Tech.  Infor. 
Series  No.  R71  EMH3,  G.E.  Co.,  Jan.  1971;  or  IEEE  Symposium  Digest  of 
1971  IEEE  G-AP  International  Symposium  at  Los  Angeles,  California. 
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Assuming  that  optimal  pulse  compression  is  achieved  in  the  far-zone 
of  radiation,  there  arises  a  question  as  to  what  would  be  the  corresponding 
near-zone  pulse  shape  and  peak  intensity.  The  following  outlines  certain 
formulations  of  neui— zone  compressed  fields  at  various  distances  from  the 
antenna.  Numerical  results  are  to  be  extensively  given  first.  Conclusions 
will  be  drawn  after  all  cases  are  treated. 

2.  A  NEAR- ZONE  FORMULATION  OF  DIPOLE  ARRAY 


It  Is  well  known  that  near-zone  radiations  depend  on  antenna  con¬ 
figurations.  The  dipole  array  to  be  used  here  approximates  closely  a 
log-periodic  antenna  that  is  fed  from  a  common  terminal.  The  phase 
centers  of  radiating  elements  are  presently  assumed  at  the  common  feed- 
point. 

For  a  short  electric  dipole,  the  general  expression  of  maximum  elec¬ 
tric  field  induced  by  a  given  current  I  is 

E(r,f)  -  -j  (d/2XQ)  (pQlc/r)  [l-(2irfr/c)  2  -J  (2irf r/c)  *]exp  (-J2irfr/c) 

(Eq.  1-1) 

y  c  »  120  ir  Ohms  (Eq.  1-2) 

o 

where  r  is  the  distance  between  point  of  observation  and  point  of  radi¬ 
ation.  The  minus  sign  designates  the  sense  of  electric  field  referred 
to  that  of  the  current.  For  a  half-wave  dipole  of  consinusoidal  current 
distribution,  the  average  dipole  length  can  be  assumed  to  be  2/tt,  and  the 
fields  due  to  half-wave  dipole  are  approximated  as 

E(r,f)  -  -J  60(l/r)  [  1  - (2irf r/c)  2  j (2wf r/c)  exp  (-J 2irf r/c) ,  V/m 

(Eq.  1-3) 

where  I  now  stands  for  the  maximum  value  of  consinusoidal  distribution. 
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It  is  noted  that  an  electric  dipole  radiates  omnidirectionally  in 
the  plane  perpendicular  to  the  dipole,  but  most  broad  band  antennas  in 
practice  radiate  unidi rectional ly.  To  approximate  the  radiation  elements 
of  these  antennas,  a  balanced  electromagnetic  dipole  radiating  an  axially 
symmetric  cardloid  pattern  Is  used.  The  maximum  electric  field  of  this 
antenna  is  known  to  be  approximately 

E(r,f)  -  -j  ( 1 20 ( I /r)  [  1  -0 . 5 (2trf  r/c)  2  -j  (2irf r/c)  ']  exp  (-j2irfr/c) 

(Eq.  1-4) 

Assuming  I  has  a  zero  phase,  this  field  in  the  far-zone  (r  ■+■  °°)  would  be 
-  j  1 20  ( I  /  r )  exp(-j2irfr/c) .  Neglecting  the  time-delay  r/c,  the  phase  angle 
of  the  electric  field  lags  tt/2  in  phase  when  referred  to  that  of  I. 

Since  this  phase  angle  is  the  same  for  all  active  elements,  it  can  be 
neglected  without  loss  in  generality. 

Let  the  spectral  density  I  of  a  dispersive  antenna  be 

TT  (f~f  ) 

1(f)  -  (0.54  +  0.46  cos ^  -f°y  )p  exp  (jif>(f))  (Eq.  1-5) 

h  o 

where  the  exponent  p  is  used  to  alter  the  relative  distribution  of  current 

within  the  bandwidth  to  which  the  center  frequency  is  designated,  and  the 

total  bandwidth  is  2 ( f h - f q )  where  f^  is  the  high-end  cutoff  frequency. 

If  the  antenna  can  be  driven  by  an  impulse,  the  radiated  dispersive  pulse 

at  a  far-zone  point  r  can  be  written  as 

o 

ir(f-f  )  _ 

E(rQ,f,p)  -  -j(120/rQ)  [0.54  +  0.46  cosjp-^-y  ]p  exp  ( j  4-  (f ) ) . 

h  o' 

•[1-0.5  {2-nfr^/c)  2  -j  (27rfrQ/c)  exp  (-j2TrfrQ/c) 

(Eq.  1-6) 

If  the  antenna  is  driven  by  matched  filter  techniques,  the  compressed 
pulse  at  the  far-zone  point  rQ  is  proportional  to 
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*(f-f  )  ,n 

|E(r  ,f,p)|  ■  (120/r  )  [0.54  +  0.46  cos  r  y  ]Zp  . 
o  o  \Th  tq, 

•[{1-0.5  (2irfro/c)"2}2  +  (2Trf  rQ/c)  "2]  (Eq.  1-7) 

Finally,  the  compressed  pulse  at  an  arbitrary  field  point  r  can  be 
written  as 

E (r , f ,rQ,p,k)  -  k  | E (ro»f ) | 2  E(r ,f)/E(rQ,f)  (Eq.  1-8) 

3.  COMPRESSED  PULSES  OF  A  DIPOLE  ARRAY 

Making  use  of  k  *  10  rQ  ■  100  m,  and  0.2  <  f  (GHz)  <  10.2  for 
Equation  1-8,  the  compressed  pulse  spectral  density  (volt-sec/m)  in  the 
far-zone  is  shown  in  Figure  1-1  for  r  =  100  m  and  p  »*  1/2.  The  corre¬ 
sponding  time-domain  pulse  (volt/m)  is  given  in  Figure  1-2.  When  p  =  1, 
the  positive  time-side  lobes  in  Figure  1-4  become  higher  than  those  in 
Figure  1-2.  For  p  =  1/4  in  Figure  1-6,  the  negative  time-side lobes  decay 
gradually.  It  is  from  the  comparison  among  Figures  1-2,  1-4,  and  1-6 
that  one  considers  the  compressed  pulse  in  Figure  1-2  as  an  optimal  case. 

Figures  1-8,  1-10,  and  1-12  are  compressed  pulses  at  a  field  point 

r  ■  1  m  from  the  dispersive  antenna  apex.  Comparisons  of  these  pulses  with 

those  in  Figures  1-2,  1-4,  and  1-6  demonstrate  that  r  =  1  m  can  be 

adequately  considered  as  a  far-zone  point,  because  no  great  distortions 

of  pulses  have  taken  place.  In  CW  considerations,  the  lowest  frequency 

2 

0.2  GHz  can  be  used  to  establish  the  well  known  far-zone  criterion  2D  /A. 

Let  the  aperture  dimension  be  D  *  A/2,  the  result  is  A/2  or  0.75  m  as  the 

minimum  far-zone  criterion  for  the  frequency  range  of  interest.  Therefore, 

the  transient  far-zone  criterion  can  be  established  by  choosing  the  lowest 

2 

frequency  component  and  then  applying  the  formula  2D  /A. 
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Figure  1-2.  Compressed  Pulse  of 

Spectrum  In  Figure  l-l 


Figures  1-14,  1-16,  and  1-18  are  compressed  pulses  at  r  *  0.1  m  which 

can  no  longer  be  considered  in  the  far  zone,  because  it  is  less  than 
2 

2D  /X  for  lower  frequencies.  Clearly,  the  pulses  are  distorted  as  a 
result. 

Greater  distortions  can  be  observed  in  Figures  1-19  through  I-36 
where  the  field  point  r  approaches  closer  to  the  antenna  apex.  Not  only 
the  pulses  are  more  widely  dispersed  than  those  in  the  far-zone,  the 
amplitudes  increase  with  reversals  in  polarity. 

Figures  1-37  and  I-38  summarize  the  near-zone  compressed  pulses  from 
r  ■  0.015  m  to  1 .00  m. 

4.  PULSE  COMPRESSION  INCLUDING  HIGHER-ORDER  MODES 


Pulse  compression  has  been  treated  in  the  previous  sections  with 
dipole  inodes  alone.  The  results  have  been  recognized  to  be  a  good 
approximation  only  at  distances  greater  than  one-half  wavelength.  In 
order  to  formulate  the  near-zone  field  more  accurately,  two  techniques 
can  be  used.  One  is  the  well  known  Fresnel's  approximation  technique 
that  assumes  current  distributions  on  an  antenna.  The  other  is  using 
spherical  modes  that  include  dipoles,  quadrapoles,  and  octupoles,  etc. 
Presently,  the  latter  techniques  are  chosen  for  the  near-zone  field 
formulation. 

A  pair  of  balanced  electric  and  magnetic  currents  is  shown  in  Figure 
1-39.  Only  the  electric  field  perpendicular  to  the  y-z  plane  is  discussed 
here.  By  following  the  conventional  coordinates  systems,  this  corresponds 
to  the  x  component  of  the  electric  field  that  can  be  obtained  as 


p  ■  2ira/A 

0  0 

(Eq. 

1-10) 

s  -  2trr/A 

0  0 

(Eq. 

1-11) 

.  c  .  .  -W 

"  P°  ?n(po} 

(Eq. 

1-12) 

cn(p)  ' 

(Eq. 

1-13) 

K{,,)  ■4■^cJn(o), 

(Eq. 

1-14) 

(2n+l)  P^(cose) 
pn^  n(n+l)sin0 

(Eq. 

1-15) 

qn(e)  *  SrSl}  d9  Pn  <cos9) 

(Eq. 

1-16) 

where  n  and  A  are  free-space  wave  impedance  and  wavelength,  2a  is  the 
o  o 

length  of  the  current  elements,  r  is  the  distance  of  the  field  point,  and 

bC  are  electric  modal  coefficients  of  orders  1  to  3.  Corresponding  mag- 

netic  model  coefficients  are  set  equal  to  b  by  assuming  balanced 

n 

radiation  of  axially  symmetric  cardioid.  The  function  J  and  yn  are 
spherical  Bessel  functions,  and  are  associated  Legendre  functions.  The 
current  I  is  used  for  peak  value  under  the  assumption  that  each  resonant 
dipole  has  an  average  length  of  *Q/w. 

By  including  only  the  dipole  mode  bj  in  Equation  l~9,  the  amplitude 
and  phase  of  the  E-field  is  shown  in  Figure  1-40.  This  complex  spectral 
distribution  is  used  to  obtain  the  compressed  pulses  shown  in  Figures 
1-1  through  I-36.  If  all  the  modes  (b j ,  62,  b^)  are  included,  the  elec¬ 
tric  field  of  Equation  1-9  in  the  near-zone  has  a  considerably  higher 
amplitude  than  that  ofTysing  b^  alone.  A  comparison  of  these  two  results 
is  given  in  Figure  |-4l.  Since  the  difference  is  about  a  constant  ratio 
for  r/XQ  larger  than  0.25,  it  is  considered  a  good  approximation  when 


1-8 


E  (F) 


1 . U4E-D8 


1.  l5E-08_ 


8.68E-09 


8. 83E-Q9 


3. S5E-G9- 


3 . 2?£- 1 1 . 


Figure  1-3.  Spectral  Density  E(r,  f,  rQ,  p,  k)  X  1.2 
With  r  =  100  m,  and  p  =  1 
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Figure  1-6.  Compressed  Pulse  of 

Spectrum  In  Figure  1-5 
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Figure  1-9.  Spectral  Density  E(r,  f,  rQ,  p,  k)  X  1.2 
Wi  th  r  =  1  m,  and  p  =  1 
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Figure  1-16.  Compressed  Pulse  of 

Spectrum  in  Figure  1-15 


1-22 


i  .imi-'-u'j 


l  i 


LU 


i  -i 
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Spectral  Density  E(r,  f,  rQ>  p,  k)  X  1.2 
With  r  *  0.1  m,  and  p  -  1/4 
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Figure  1-20.  Compressed  Pulse  of 
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Figure  1-21.  Spectral  Density  E(r,  f,  p,  k)  X 
With  r  ■  0.05  mr  and  p  ■  1 
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Figure  1-25.  Spectral  Density  E(r,  f,  r  ,  p,  k)  X  1.2 

o 
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Figure  1-27.  Spectral  Density  E(r,  f,  ro>  p,  k)  *1-2 
With  r  -  0.02  m,  end  p  ■  1 
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Figure  1-29.  Spectral  Density  E(r,  f,  r  ,  p,  k)  X  1.2 
With  r  -  0.02  m,  and  p  ■  1/4 
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Figure  1-30.  Compressed  Pulse  of 

Spectrum  in  Figure  1-29 
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Figure  1-31.  Spectral  Density  E(r,  f,  rQ,  p,  k)  X  1.2 
With  r  -  0.01  m,  and  p  -  1/2 


Figure  1-32.  Compressed  Pulse  of 

Spectrum  In  Figure  1-31 
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Figure  1-33-  Spectral  Density  E(r,  f,  r  t  p,  k)  X  1.2 
With  r  •  0.01  m,  and  p  -  1 
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Figure  1-3^.  Compressed  Pulse  of 

Spectrum  In  Figure  f -33 


1 . 16E-02 


._L. 


g .  2 


9E-03J 


G.98E-G3 


Ll 

LU 


'I.G7E-  03- 


iGE-G3.-t 


l .  1  ,:f-  U9 


.  r- 

3.0 


6.0 


_ i _ 


9 .  G 


i  ? .  rj 


Figure  1-35.  Spectral  Density  E(r,  f,  rQ,  p,  k)  X  1.2 
With  r  -  0.01  m,  and  p  -  1.4 
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Figure  1-36.  Compressed  Pulse  of 

Spectrum  In  Figure  1-35 
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only  the  dipole  mode  is  used  for  pulse  compression  computations.  Inclusion 
of  higher-order  modes  has.  In  effect,  increased  compressed  pulses  by 
approximately  a  constant  factor  of  less  than  1.3  In  the  far  zone. 


5.  BACKWARD  RADIATION  ARRAYS 

A  log-periodic  dipole  array  model  is  shown  in  Figure  1-42.  It  is  a 
backward  radiator  because  radiation  takes  place  in  the  direction  opposite 
to  that  of  feeding  currents.  The  field  at  point  P  Is  a  superposition  of 
the  fields  due  to  ail  elements.  Assuming  that  all  the  elements  are  in 
resonance  lengths,  then  the  quantity  defined  in  Equation  I -16  is  a  con¬ 
stant  for  all  elements.  Consequently,  all  the  modal  coefficients  defined 
in  Equation  1-12  also  remain  constants  for  all  radiating  elements.  With 
the  radiation  distance  r  in  Equation  1-11  being  subscripted  for  each 
element  in  Figure  1-42,  the  electric  fields  at  point  P  are 
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(Eq.  1-17) 


Sk  *  2trrk/Xo  *Eq' 

where  p^ (0  ■  0)  -  qn(0  ■  0)  -  (2n  +  l)/2  is  used  in  Equation  1-9  to  obtain 
Equation  1-17*  The  value  of  r.  can  be  determined  by  referring  to  Figure 
1-42. 


The  total  field  from  all  elements  is  the  sum 
K 

Ex  Ex(V  0  “  °>-  (Eq.  M9> 

k-1 

Evaluation  of  this  field  will  give  a  more  accurate  description  than  the 
previous  results  in  both  near  and  far  zones. for  pulse  compression  pur¬ 
poses,  provided  the  field  Is  not  evaluated  for  Zj /A  <  0.25  where  the 
field  expression  would  involve  source  singularities  for  all  elements  con¬ 
cerned.  I_J,7 


Should  source  singularities  be  excluded  from  considerations,  the 
near-zone  compressed  pulses  for  the  antenna  in  Figure  I -1*2  would  be 
smaller  than  those  shown  in  Figures  1-7  through  I-36.  This  Is  so  because 
the  low-frequency  region*  would  contribute  decreaslngly  at  a  given  field 
point.  Although  this  antenna  has  less  severe  near-zone  compression 

problems,  It  Is^not  the  type<  that  has  the  least  severe  near-zone  problem. 
The  broadside  array  to  be  treated  next  will  show  that  substantial 
reduction  will  take  place  In  the  amplitudes  near-zone  compressed  pulses. 

6.  BROADSIDE  RADIATION  ARRAY 


A  conical  spiral  antenna  can  be  approximated  for  one  component  of 
its  cs ’-evil rly-polari zed  field  as  the  array  shown  in  Figure  1-43.  Com¬ 
plete  rcularly-polarized  radiation  is  presently  not  treated.,  The 
compressed  electric  field  component  can  be  calculated  for  the  nth  com¬ 
ponent  contribution  by  use  of  figure  i-44  as 

En*r,rn,f)  "  12°  r  1"”'  £0,5it  +  0,1,6  cos(f^-F°)')j  *  (Eq .  1-20) 

•[o.5«  *  0.«  co,(^Sp)]. 

•  I  -  0.5(2nf  r  /cf2  -J  (27rf  r  /c)' T 
no  n  no  n  j 

.  exp  l"J2irfno(rn-r)/c] 

.  cos0  .  for  f  ,  <  f  <  f  . 
n  nl  -  -  nh 

where  the  definition  of  each  radiation  region,  the  high  and  low  cutoff 
frequencies,  and  the  complex  spectral  distribution  of  the  antennas  are 
referred  to  Section  2  of  Appendix  D.  When  all  the  radiation  regions  are 
summed  for  their  compressed  pulses,  the  resultant  contribution  is 


(Eq.  1-21) 


N 

E(r,f)  ■  /  E  (r,r  ,f),  for  f.  <  f  <  f. 

n  n  i  ■  *  n 

n«l 

where  the  cutoff  frequencies  (f^f^)  are  chosen  to  be  (0.2,  10.2)  GHz,  the 
same  as  those  used  to  compute  for  Figures  1-10  through  1-36.  The  effec¬ 
tive  elemental  fractional  bandwidth  is  chosen  as  6  -  0.111,  and  the  total 
number  of  elements  is  N  -  37  ns  can  be  determined  from  Section  2  of 
Appendix  D. 

All  the  37~region  parameters  (Region  Number,  nth  High  Cutoff 
Frequency,  nth  Center  Frequency,  nth  Low  Cutoff  Frequency,  Number  of  Fre¬ 
quency  Increment  In  0.04  GHz,  nth  Element  Height  bn(m)  *n  Figure  1-44) 
are  given  in  Table  1-1  for  reference  purposes.  Complex  spectra  of  com¬ 
pressed  pulses  by  the  antenna  model  are  shown  in  Figure  1-45  for  three 
near-zone  distances.  The  spectral  amplitudes  are  smoothed  curves  repre¬ 
senting  average  values  of  superimposed  spectra  due  to  37  radiation 
regions.  The  manner  by  which  sampling  has  been  done  In  Equations  1-20 
and  1-21  constitutes  a  spectral  amplitude  of  1.16  of  the  original  values 
at  the  centers  of  radiation  regions  and  a  spectral  amplitude  of  1.08 
of  the  original  values  between  two  radiation  regions.  Therefore,  on  the 
average,  the  spectral  amplitudes  sketched  in  Figure  1-45  are  about  12 
percent  higher  than  the  original  values  before  sampling  was  made  for  the 
37  radiation  regions.  It  is  clear  that  symmetrical  amplitude  distri¬ 
bution  exists  at  100  cm  range  and  its  associated  phase  variation  becomes 
extremely  smal 1 . 

Figures  1-46  through  1-54  give  numerical  results  of  compressed 
pulses  a*:  various  distances.  At  1.5  cm  range  the  compressed  pulse  in 
Figure  1-46  appears  to  be  symmetrical  about  the  pulse  peak,  even  though 
its  spectral  amplitude  appears  to  be  asymmetric  about  5  GHz  in  Figure  1-45. 
This  property  is  in  sharp  contrast  with  the  compressed  pulse  at  5  cm 
range  shown  In  Figure  1-20.  When  the  pulses  are  compressed  in  the  far 
zone  (Figures  1-53  and  1-54)  the  peak  values  are  respectively  13  kV/m 
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and  0.13  kV/m  when  the  over-densed  sampling  factor  of  1.12  is  used  to 
divide  those  computed  values.  These  peak  field  Intensities  are  in 
agreement  with  those  shown  in  Figures  1-7  and  1-2  if  their  computed 
values  are  divided  by  a  factor  of  1.2  as  shown  in  Figures  1-6  and  1-1. 

To  summarize  the  near-zone  compression  mechanism,  Figure  I -55  shows 
a  series  of  pulses.  These  pulses  are  clearly  much  lower  in  their  peak 
values  if  comparison  is  made  against  those  plotted  in  Figure  i -37.  The 
most  significant  result  of  broadside  array  radiation  is  that  its  com¬ 
pressed  pulses  do  not  have  the  tendency  to  diverge  rapidly  toward  the 
aperture  plane.  Instead,  the  pulse  peak  takes  place  with  a  smaller  value 
at  1.5  cm  range  and  reaches  a  maximum  at  3.5  cm  range.  This  desirable 
range  variation  is  shown  in  Figure  1-56. 

7.  CONCLUDING  REMARKS 


Pulse  compressions  in  the  near  zone  have  been  formulated  here  for 
both  longitudinal  delay  and  transversal  delay.  The  former  case  resembles 
log-periodic  dipole  arrays  while  the  latter  resembles  cavity-backed 
spiral  antennas.  Choosing  an  operating  bandwidth  of  0.2  to  10.2  GHz  as 
an  example,  and  setting  the  compressed  spectral  distribution  in  the  far- 
zone  as  a  Hamming  weighted  function,  the  "worst11  case  and  the  "best" 
case  compressions  are  summarized  in  Figure  1-57  for  their  peak  values. 

The  choice  of  having  all  radiation  regions  coincident  in  phase 
center-  is  simply  a  way  of  establishing  an  upper  bound  to  which  all  log- 
periodic  antennas  are  limited  for  possible  compression  peaks.  Providing 
that  all  log-periodic  antennas  are  conjugate-matched  to  produce  the  same 
compressed  spectrum  as  discussed  above,  their  peak  compressed  value  should 
be  confined  within  the  two  curves  shown  in  Figure  1-57* 
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Figure  1-37-  Pulse  compressions  in  the  Near-Zone 
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Figure  I -38.  Pulse  Compression  in  the  Far-Zone  (y  >  0.75 
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Figure  1-39.  Balanced  Electric  and  Magnetic  Currents  for 
Axially  Symmetric  Cardlold  Radiation  Around 
the  Z-Axls 
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Dipole  -  Mode  field: 
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jure  1-40.  Pure  Dipole-Hodes  Spectral  Density  as  a  Function 
of  Distance  in  Wavelength  A 
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Figure  1-42.  Linear  Log-Periodic  Dipole  Array  Model 
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Figure  i-M».  Coordinates  of  Field  Point  P  and  the 
it**1  Element 
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SMOOTHED  SPECTRAL  DISTRIBUTION  OF  THEORETICAL  MQA£L  APPROX  I MAT#I6  A 
CAV! TY-BACICED  SPIRAL  ANTENNA  WHICH  COMPRESSES  PULSES  AT  r  -  1.5  cm,  3.5  cm  and  100  cm 
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Figure  1-45.  Smoothed  Spectral  Distribution  of  Theoretical  Model 
Approximating  a  Cavity-Backed  Spiral  Antenna  Which 
Compresses  Pulses  at  r  *  1.5  cm,  3.5  cm  and  TOO  cm 
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Figure  Compressed  Pulse  at  1.5  Centimeters  from  Antenna  Aperture  on  Boresight 
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Figure  r-l»7«,  Compressed  Pulse  at  3-0  Centimeters  from  Aperture  Plane  on  Boresighi 
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Figure  l~51.  Compressed  Pulse  at  5-5  Centimeters  from  Aperture  Plane  on  Boresight 
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Figure  1-56. 1  An  Advantage  of  Pulse  Compression  Antennas  Possessing  Transverse  Time  Delay 

Characteristics,  Such  as  the  Cavity-Backed  Spiral,  is  that  Peak  Pulse  Ampl i tu< 
Occurs  at  Distances  Away  from  the  Aperture  Plane 


AfffMtIX  J 


4V 

AIR- BREAKDOWN  BY  COMPRESSED  PULSES  Attfl  BREAKDOWN  LAG  TIME 

1.  INTRODUCTION 

It  has  been  recognized  that  compressed  pulses  may  possess  field 
intensities  above  the  dielectric  strength  of  the  surrounding  medium.  Such 
a  slt'i*!  ion  would  be  expected  to  lead  to  quenching  of  the  compressed  pulse. 
However,  as  will  be  seen,  when  an  overvoltage  condition  is  created,  this 
does  not  cause  instantaneous  breakdown;  it  is  possible  to  exceed  the  break¬ 
down  voltages  of  dielectric  media  by  several  orders  of  magnitude  because 
of  the  finite  amount  of  time  required  for  breakdown  to  occur  after  the 
overvoltage  condition  has  been  established. 

2.  BREAKDOWN  LAG  TIHE 
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It  is  known  that  pulse  breakdown  in  gases  involves  electron 
avalanche  processes  which  require  a  certain  minimum  amount  of  time  to 
develop.  After  peak  overvoltage  has  been  established,  there  is  a  formative 
or  delay  time  before  breakdown  commences.  In  general,  this  delay  time  is 
composed  of  two  parts:  a  statistical  time  and  a  breakdown  lag  time.  The 
statistical  time  consists  of  a  random  sequence  of  Intervals  which  occur 
rtetfftfceliy.  Even  though  electron  avalanche  Is  Initiated,  an  arbitrary 
number  of  quenches  will  precede  the  avalanche  that  finally  culminates  in 
actual  breakdown.  Breakdown  lag  time  is  a  time  associated  with  that 
avalanche  which  does  not  quench.  It  is  the  time  difference  between 
.  the  onset  of  avalanche  and  the  time  at  which  the  avalanche  has  grown  to  a 
critical  value  where  the  growth  rate  has  changed  from  exponential  to  a 
nonlinear  one  that  is  much  faster.  In  the  limit  of  zero  statistical  lag 
time,  the  total  time  delay  between  the  onset  of  peak  field  strength  and 
the  commencement  of  breakdown  would  just  equal  tht'  breakdown  lag  time. 


This  would  therefore  represent  the  minimum  tin*  necessary  for  breakdown 
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to  occur  for  a  given  overvoltage  condition.  It  has  been  shown  that  this 
breakdown  tag  time  is  a  function  of  the  field  strength,  E,  the  pressure, 
p,  several  other  constants  which  characterize  the  type  of  dielectric  and 
the  various  mechanisms  leading  to  electron  avalanche,  and  geometrical 
factors  such  as  electrode  shape  and  separation.  A  curve  which  shows 
electric  field  strength  as  a  function  of  breakdown  lag  time  in  air  at  a 
pressure  of  one  atmosphere  is  shown  in  Figure  J-l.  An  expanded  scale  in 
Figure  J-2  gives  field  strengths  for  breakdown  lag  times  as  short  as 
0.01  ns.  Both  of  these  curves  represent  averages  over  geometrical  factors 
and  therefore  are  Insensitive  to  electrode  shape  and  separation. 
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3.  ALLOWABLE  OVERVOLTAGE  IN  PULSE  COMPRESSION 

The  interpretation  of  Figures  J-l  and  J-2  is  as  follows.  It  is 
recalled  that  pulse  compression  is  a  dynamic  process.  At  the  instant  the 
pulse  reaches  maximum  compression,  and  hence,  maximum  field  strength,  it 
is  traveling  at  the  speed  of  electromagnetic  waves  in  air,  essentially  c. 
Assuming  that  the  electric  field  strength  of  the  compressed  pulse  does 
exceed  the  breakdown  strength  of  air  (approximately  three  megavolts/meter), 
the  curve  gives  the  breakdown  lag  time  necessary  before  breakdown  can  occur. 

If  the  transit  time  (i.e.,  the  time  necessary  for  the  pulse  to  traval  a 
distance  equal  to  Its  width  divided  by  c)  is  greater  than  the  breakdown 
lag  time,  then  breakdown  does  not  occur.  Some  ionization  of  the  air 
molecules  will  take  place  in  the  unit  volume  in  which  electron  avalanche 
is  initiated,  but  the  avalanche  process  itself  is  expected  to  quench  if 
the  pulse  moves  Into  an  adjacent  unit  volume  in  a  time  faster  than  the  ) 

breakdown  lag  time.  For  example,  if  the  pulse  has  been  compressed  to  a 
duration  of  0.1  ns,  then  the  largest  field  strength  which  can  be  radiated 
without  causing  breakdown  is  that  which  corresponds  to  a  breakdown  lag 
time  that  just  equals  0.1  ns,  or  about  18  megavolts/meter. 
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Figure  J-l.  When  Field  Streng 


The  conclusion  to  be  drawn  from  this  discussion  is  that  even  when  an 
overvoltage  condition  exists  as  the  result  of  pulse  compression,  break¬ 
down  will  not  occur  provided  the  pulse  can  move  out  of  the  avalanche 
region  within  the  breakdown  lag  time.  It  should  again  be  noted  that  the 
breakdown  lag  time  actually  represents  the  worst  case,  or  shortest 
possible  breakdown  time,  since  the  statistical  time  has  been  ignored. 
Inclusion  of  statistical  time  would  tend  to  increase  the  overall  time 
necessary  for  breakdown  to  occur. 

We  interpret  breakdown  lag  time  to  represent  the  maximum  allowable 
compressed  pulse  duration  at  a  given  electric  field  strength.  Table  J-l 
provides  some  data  on  allowable  pulse  durations  for  various  field  strengths 
above  air  breakdown. 
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TABLE  J-l 

MAXIMUM  ALLOWED  COMPRESSED  PULSE  DURATIONS  FOR  VARIOUS  FIELD  STRENGTHS 

MAXIMUM, -ALLOWED  COM- 

ELECTRIC  FIELD  STRENfiTH  PRESSED  PULSE  DURATION 

(MV/M) 

(ns) 

49 

.02 

34 
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